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ABSTRACT 
 
QUANTIFYING CRUSTAL ASSIMILATION IN HISTORICAL TO RECENT  
(1329-2005) LAVAS AT MT. ETNA, ITALY: INSIGHTS FROM  
THERMODYNAMIC MODELING 
 
by 
 
Marie Katherine Takach 
 
July 2018 
 
 The nearly continuous volcanic eruption record at Mt. Etna dating back 
approximately 700 years provides an excellent opportunity to investigate the geochemical 
evolution of a highly active volcano. Of particular interest is elucidating the cause of a 
selective enrichment in alkali elements (K, Rb, Cs) and 87Sr/86Sr. This alkali enrichment 
trend, which began in the 17th century and accelerated after 1971, was accompanied by an 
increase in the volume, frequency, and explosivity of eruptions. To explain this 
enrichment, two major arguments are invoked: (1) crustal contributions (e.g., assimilation 
of the sedimentary basement), and (2) changes in the mantle source, possibly due to 
increased interaction between the mantle source and subduction related fluids, and/or a 
mantle source that was melted to different degrees. This study quantitatively examines 
the role of crustal contributions to post-1971 Etnean magmas via the Magma Chamber 
Simulator, on the basis of published and unpublished whole rock major oxides, trace 
elements, and 87Sr/86Sr, and mineral compositional data. Over 200 models were run with 
varied pressures, initial fO2 buffers, parental magma compositions, and initial magma 
H2O contents, and wallrock compositions, masses, and initial temperatures. Best-fit 
results for whole rock trends and mineral compositions for pre-1971 lavas are 
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satisfactorily reproduced by fractional crystallization of a parental magma that is a high-
Mg (~17 wt.% MgO) basalt to picrite composition. Such a magma is documented in 
Etna’s ~4 ka pyroclastic fallout deposit. The observed post-1971 whole rock trends and 
mineral compositions are reproduced via stoping and assimilation of skarn and flysch, 
which compose the uppermost 10-15 km of sedimentary substrata beneath the volcanic 
pile. Specifically, K2O and Rb behave incompatibly in skarn/flysch wallrock melts, and 
elevated 87Sr/86Sr in the post-1971 samples is consistent with the addition of radiogenic 
Sr from these wallrock components. In the best-fit model, which yields the post-1971 
K2O, Rb, and 87Sr/86Sr trends, 5% of wallrock was stoped and 12% of anatectic melt was 
assimilated; percentages are relative to the starting mass of the magma body. Based on 
these modeling outcomes, I propose that the post-1971 alkali enrichment signature is due 
to both crustal contamination and mantle heterogeneity; up to ~20% crustal input is 
coupled with mantle heterogeneity introduced by magma recharge and mixing. The 
influence crustal contamination has on post-1971 lavas is, in part, the result of frequent 
recharge of hot magma that thermally primed the shallow crust for melting. Furthermore, 
the significant liberation of CO2 from the wallrock via magma-carbonate interaction has 
the potential to increase the volatile budget and thus the explosivity at the volcano, which 
would coincide with the observed increase in the explosivity of Mt. Etna after 1971.  
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CHAPTER I 
INTRODUCTION  
Although it is among the most well studied volcanoes in the world, the dominant 
processes responsible for Mt. Etna’s geochemical evolution remain heavily debated. A 
central scientific question regards the cause of the alkali enrichment event that has been 
documented by geochemical changes over the last ~700 years of eruptions: lavas erupted 
after 1971 exhibit increases in alkalis (K, Rb, Cs) and 87Sr/86Sr (Armienti et al., 1994a, 
2007; Barbieri et al., 1993; Condomines et al., 1995; Corsaro and Pompilio, 2004a; 
Tanguy and Clocchiatti, 1984; Tanguy and Kieffer, 1976; Tonarini et al., 2001) 
compared to pre-1971 lavas. This geochemical shift was accompanied by an increase in 
the explosivity, frequency, and volume of eruptions, marking a striking change in the 
volcano’s behavior.  
Explanations for this event range from crustal contributions (e.g., Clocchiatti et 
al., 1988; Condomines et al., 1995; Michaud, 1995) to changes in the mantle source (e.g., 
Armienti et al., 2007; Tonarini et al., 2001; Viccaro and Cristofolini, 2008; Viccaro and 
Zuccarello, 2017). The goal of this study is to quantify the potential effects of crustal 
contributions in post-1971 Etnean magmas via the Magma Chamber Simulator (Bohrson 
et al., 2014), a mass- and energy-constrained thermodynamic model. Modeling scenarios 
within the uppermost 10-15 km of the subvolcanic basement were the primary focus; the 
first 2-5 km below the volcanic pile are a mélange of marly clays, marly limestones, and 
quartz-arenitic rocks of the Apenninic-Maghrebian chain and Gela-Catania foredeep 
(Bousquet and Lanzafame, 2004; Corsaro and Pompilio, 2004a; Loddo et al., 1989; 
Tibaldi and Groppelli, 2002), and these overlie approximately 8-10 km of Mesozoic to 
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Mid-Pleistocene carbonate limestone and dolomite of the Hyblean Plateau (Corsaro and 
Pompilio, 2004a; Loddo et al., 1989; Yellin-Dror et al., 1997). These rock types are rich 
in alkali elements and radiogenic Sr, and as such, were tested as a potential source of the 
alkali enrichment in post-1971 lavas.  
Crustal assimilation at Mt. Etna has not been considered in recent years, and this 
study is the first attempt to quantify crustal assimilation as it pertains to the alkali 
enrichment event in post-1971 Etnean lavas. As a case study, it also demonstrates the 
utility of the Magma Chamber Simulator to quantify the effects of crustal assimilation at 
other volcanoes built upon sedimentary basements, such as the Colli Albani volcanic 
district (Di Rocco et al., 2012; Freda et al., 2008; Iacono Marziano et al., 2007), Mt. 
Vesuvius (Del Moro et al., 2001; Iacono Marziano et al., 2008, 2009; Jolis et al., 2015), 
and the Campi Flegrei volcanic district (Pappalardo et al., 2002) in Italy, Merapi volcano 
in Indonesia (Borisova et al., 2013; Chadwick et al., 2007; Deegan et al., 2010), and 
Popocatépetl volcano, Mexico (Goff et al., 1998, 2001).  
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CHAPTER II 
LITERATURE REVIEW 
Carbonate Assimilation 
The significant effects of carbonate assimilation at volcanoes with carbonate 
basements worldwide have been extensively recognized, for example at the Colli Albani 
volcanic district (Di Rocco et al., 2012; Freda et al., 2008; Iacono Marziano et al., 2007), 
Mt. Vesuvius (Del Moro et al., 2001; Iacono Marziano et al., 2008, 2009; Jolis et al., 
2015), and the Campi Flegrei volcanic district (Pappalardo et al., 2002) in Italy, at 
Merapi volcano in Indonesia (Borisova et al., 2013; Chadwick et al., 2007; Deegan et al., 
2010), and at Popocatépetl volcano, Mexico (Goff et al., 1998, 2001). To document how 
carbonate-magma interaction might impact the petrologic and volcanologic histories of 
volcanoes, a variety of experimental and petrologic studies explore the physical and 
chemical interactions between these. Four major lines of evidence document this 
interaction: (1) calc-silicate xenoliths with textures indicative of intense magmatic 
interaction (Borisova et al., 2013; Chadwick et al., 2007; Del Moro et al., 2001; 
Michaud, 1995), (2) highly radiogenic 87Sr/86Sr levels in contaminated magmas, 
suggestive of carbonate input (Borisova et al., 2013; Chadwick et al., 2007; Deegan et 
al., 2010; Del Moro et al., 2001; Di Rocco et al., 2012; Iacono Marziano et al., 2008; 
Jolis et al., 2013), (3) melt and crystals that are Ca-rich (Deegan et al., 2010; Iacono 
Marziano et al., 2008; Jolis et al., 2013), and (4) large CO2 releases from decarbonated 
rocks (Borisova et al., 2013; Deegan et al., 2010; Di Rocco et al., 2012; Heap et al., 
2013; Iacono Marziano et al., 2008, 2009; Jolis et al., 2013; Mollo et al., 2010). Due to 
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the significant CO2 release induced by decarbonation, carbonate assimilation has also 
been suggested to trigger or induce more explosive eruptions by increasing the volatile 
budgets of the affected volcanoes (Heap et al., 2013). 
Mt. Etna Volcano  
Mt. Etna is a 500,000-year-old basaltic stratovolcano that developed on the coast 
of eastern Sicily, Italy, and reaches a maximum elevation of approximately 3300 m a.s.l. 
(Patane et al., 2011). Mt. Etna formed in a region of roughly north-south convergence of 
the African and Eurasian plates, where there are two primary tectonic domains: (1) the 
orogenic domain to the north, which is composed of the Apenninic-Maghrebian Chain, 
and (2) the foreland domain to the south, which is composed of the Gela-Catania 
foredeep, the Hyblean foreland, and the Ionian basin. Mt. Etna’s magmatism is focused at 
the intersection of these domains, and the magma storage system is in the Sicilian 
continental crust where the Gela-Catania foredeep and Apenninic-Maghrebian chain meet 
(Bousquet and Lanzafame, 2004; Catalano et al., 2004; Dewey et al., 1989; Lentini et al., 
2006; Patane et al., 2011). The uppermost 10-15 km of the subvolcanic basement are 
composed of sedimentary rocks; the first 2-5 km below the volcanic pile are a mélange of 
marly clays, marly limestones, and quartz-arenitic rocks of the Apenninic-Maghrebian 
chain and Gela-Catania foredeep (Bousquet and Lanzafame, 2004; Corsaro and Pompilio, 
2004a; Loddo et al., 1989; Tibaldi and Groppelli, 2002), and these overlie approximately 
8-10 km of Mesozoic to Mid-Pleistocene carbonate limestone and dolomite of the 
Hyblean Plateau (Corsaro and Pompilio, 2004a; Loddo et al., 1989; Yellin-Dror et al., 
1997). 
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The most recent geological reconstruction of Mt. Etna’s evolution is proposed by 
Branca et al. (2011a), based on the new geological map of the volcano (Branca et al., 
2011b) combined with 40Ar/39Ar ages from De Beni et al. (2011). Unconformity-bound 
stratigraphy emphasizes four major evolutionary phases, or ‘supersynthems,’ of eruptive 
activity at Mt. Etna. Etnean magmatism was first dominated by scattered fissure-type 
eruptions of tholeiitic affinity (Basal Tholeiitic Supersynthem; 500 to 300 ka). There was 
a shift in activity from 220 to 112 ka (Timpe Supersynthem), when Na-alkaline magma 
compositions became dominant and eruptions more centralized, which formed a 
polygenetic shield volcano. During the Valle de Bove Supersynthem (110 to 65 ka), the 
pathway for magma ascent became centralized and an early stratovolcano was formed via 
the superposition of seven small volcanoes. Lastly, the Stratovolcano Supersynthem (57 
to 0 ka) represents the stabilization of the Etna’s magma storage system to its present 
position, where two large overlapping volcanoes (Ellittico and Mongibello) constitute the 
majority of Mt. Etna’s current edifice (Branca et al., 2004, 2008, 2011a, 2011b; De Beni 
et al., 2011). 
Of Mt. Etna’s alkalic compositional series, which is dominantly Na-alkalic, there 
has been a more recent shift toward potassic affinity (Corsaro and Pompilio, 2004b). In 
addition to K, other elements that show evidence of enrichment include Rb and Cs, and 
87Sr/86Sr is more radiogenic. This trend of selective enrichment started in the 17th century, 
and has increased dramatically since the 1970s; since then, the most radiogenic Sr 
isotopes and K-rich lavas ever emitted have been documented (Armienti et al., 1994a, 
2007; Barbieri et al., 1993; Condomines et al., 1995; Corsaro and Pompilio, 2004a; 
Tanguy and Clocchiatti, 1984; Tanguy and Kieffer, 1976; Tonarini et al., 2001). This 
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changing geochemical signature was accompanied by an increase in the explosivity, 
frequency, and volume of eruptions.  
Two major arguments for this enrichment have been invoked: (1) contributions 
from the crust (e.g., Clocchiatti et al., 1988; Condomines et al., 1995), and (2) a changing 
mantle source region delivered in the form of mafic recharge (e.g., Armienti et al., 2007; 
Tonarini et al., 2001). The case for a mantle-controlled alkali enrichment signature lies in 
the idea that pre-1971 magmas are mixing with distinct batches of recharge magma to 
produce the geochemical trends seen in post-1971 lavas. Mantle heterogeneity is a well-
documented phenomenon that can produce variations in magma composition, namely 
resident magmas mixing with newly introduced magmas originating from either a source 
that has been melted to different degrees and/or metasomatized by subduction-related 
fluids (e.g., Barbieri et al., 1993; Clocchiatti et al., 1998; Martelli et al., 2008; Schiano et 
al., 2001; Tanguy et al., 1997; Tonarini et al., 2001; Viccaro and Cristofolini, 2008; 
Viccaro and Zuccarello, 2017).  
The argument for a crustal-controlled geochemical signature in post-1971 
eruptions is rooted in the idea that extensive carbonate/flysch basement assimilation is 
occurring in Etnean magmas. Gravity and deep dipole geoelectrics (Loddo et al., 1989), 
structural interpretations (Borgia et al., 1992), and stratigraphic relationships (Grasso and 
Lentini, 1982; Pedley and Grasso, 1992) provide documentation that the upper ~10-15 
km of crust on which Mt. Etna developed is composed of sedimentary rocks, and 
siliceous, peraluminous, and carbonate sedimentary xenoliths are widely documented at 
Mt. Etna (e.g., Clocchiatti et al., 1988; Corsaro et al., 2007; Coulson et al., 2011; 
Lanzafame et al., 2003; Michaud, 1995; Monaco et al., 2005; Neri et al., 2004). 
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However, there are no quantitative studies that examine the extent of sedimentary 
basement assimilation in Etnean lavas until now. The following chapter provides an in-
depth study on the role that assimilation of the carbonate and flysch substrata play in 
recent Etnean lavas. 
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INTRODUCTION 
Built on the island of Sicily, Mt. Etna is not only Europe’s most active volcano—
it is among the most active volcanoes in the world. As such, Mt. Etna is considered to be 
among the most well-monitored and studied volcanoes, as illustrated by numerous 
investigative studies. The many villages and towns in intimate proximity to the volcano, 
which have been in the path of Etna’s hazards since they were founded (e.g., the 
eruptions of 1669 and 2001; Behncke and Neri, 2003; Corsaro et al., 1996), make 
understanding Etna’s volcanic hazards all the more important. Furthermore, Mt. Etna has 
a long historical record, with documentation of eruptions dating back to Greek and 
Roman times (Branca and Del Carlo, 2004). These aspects make Mt. Etna an ideal 
natural laboratory for studying the physical and chemical evolution of a highly active 
volcano through time. 
 Although it is among the most well studied volcanoes in the world, much of Mt. 
Etna’s history and evolution remain debated or enigmatic, inviting further, detailed 
research. One of the prevailing scientific questions regards a distinct physical and 
geochemical shift ushered in by the 1971 eruption. Lavas erupted after 1971 were 
documented to contain the highest 87Sr/86Sr and be the most K-rich ever emitted from the 
volcano (Armienti et al., 1994a, 2007; Barbieri et al., 1993; Condomines et al., 1995; 
Corsaro and Pompilio, 2004a; Tanguy and Clocchiatti, 1984; Tanguy and Kieffer, 1976; 
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Tonarini et al., 2001). This changing geochemical signature was also accompanied by an 
increase in the explosivity, frequency, and volume of eruptions, marking a striking 
change in the volcano’s physical behavior. Explanations for what has been termed the 
alkali enrichment event, due to the pronounced effect on K, Rb, and Cs, range from 
crustal contributions (e.g., Clocchiatti et al., 1988; Condomines et al., 1995; Michaud, 
1995) to changes in the mantle source (e.g., Armienti et al., 2007; Tonarini et al., 2001; 
Viccaro and Cristofolini, 2008; Viccaro and Zuccarello, 2017).  
 This study aims to quantify the effects of crustal contributions to post-1971 
Etnean magmas with the Magma Chamber Simulator (Bohrson et al., 2014), a mass- and 
energy-constrained thermodynamic model. Major oxide, trace element, and Sr isotope 
modeling was informed by whole rock and mineral compositional data taken from the 
literature. Modeling scenarios within the uppermost 10-15 km of the subvolcanic 
basement were the primary focus; the first 2-5 km below the volcanic pile are a mélange 
of marly clays, marly limestones, and quartz-arenitic rocks of the Apenninic-Maghrebian 
chain and Gela-Catania foredeep (Bousquet and Lanzafame, 2004; Corsaro and Pompilio, 
2004a; Loddo et al., 1989; Tibaldi and Groppelli, 2002), and these overlie approximately 
8-10 km of Mesozoic to Mid-Pleistocene carbonate limestone and dolomite of the 
Hyblean Plateau (Corsaro and Pompilio, 2004a; Loddo et al., 1989; Yellin-Dror et al., 
1997). These rock types are rich in alkali elements and have relatively high 87Sr/86Sr, and 
as such, were tested as the potential source of the alkali enrichment observed in post-
1971 lavas. 
 Crustal assimilation in Etnean lavas is a process that has not been considered in 
recent years; this study is the first attempt to quantify assimilation in Etnean lavas, 
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especially as it pertains to the post-1971 alkali enrichment event. Furthermore, a product 
of carbonate assimilation via decarbonation is the release of CO2 from carbonate rocks; 
experiments outlined in Heap et al. (2013) document that carbonate dissociates when it is 
brought up to magmatic temperatures and releases about 44 wt.% CO2. Carbonate 
assimilation at a volcano can therefore increase the volcano’s volatile budget and lead to 
more explosive eruptions. This implies that if carbonate assimilation is an ongoing 
process at Mt. Etna, it could be a possible explanation for the increase in explosivity that 
has been documented since 1971. If so, further study of the volatile budget of the volcano 
is warranted as understanding the source of CO2 will aid in eruption monitoring. Lastly, 
this study demonstrates the utility of the Magma Chamber Simulator with respect to 
quantifying crustal assimilation, and its potential to be applied to other volcanoes where 
this process has been suggested. 
GEOLOGICAL FRAMEWORK OF MT. ETNA, SICILY 
Mt. Etna is a basaltic stratovolcano that has developed in the last 500 kyr on what 
is now the densely-populated coast of eastern Sicily, Italy (Fig. 1). It reaches a maximum 
elevation of approximately 3300 m a.s.l., making it the largest European volcano, and has 
a roughly ellipsoidal base that covers an area of 1,250 km2 (Patane et al., 2011). The 
island of Sicily on which Mt. Etna is built is situated in the center of one of the most 
tectonically and geodynamically complex regions in the world: the Mediterranean Basin. 
Mt. Etna developed in a region of roughly north-south Neogene-Quaternary convergence 
of the African and Eurasian plates (Catalano et al., 2004; Dewey et al., 1989; Lentini et 
al., 2006). Here, there are two primary tectonic domains: (1) the orogenic domain to the  
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north, which is composed of the Apenninic-Maghrebian Chain, and (2) the foreland 
domain to the south, which is composed of the Gela-Catania foredeep, the Hyblean 
foreland, and the Ionian basin (Fig. 2). Mt. Etna’s magmatism is focused at the 
intersection of these domains, and the magma storage system is in the Sicilian continental 
crust where the Gela-Catania foredeep and Apenninic-Maghrebian chain meet (Bousquet 
and Lanzafame, 2004; Catalano et al., 2004; Lentini et al., 2006; Patane et al., 2011). 
The most recent geological reconstruction of Mt. Etna’s evolution is proposed by 
Branca et al. (2011a), based on the new geological map of the volcano (Branca et al., 
Fig. 1. Regional tectonic setting of the western Mediterranean. Thick lines with 
triangles are convergent plate boundaries. Black triangles, subduction of oceanic 
lithosphere; open triangles, continent-continent collision; bold type, tectonic 
plates; italic type, sea basins; regular type, mountain ranges. Dashed box indi-
cates the location of Fig. 2. Redrawn after Schellart (2010). 
v
  
 
2011b) combined with 40Ar/39Ar ages from De Beni et al. (2011). Unconformity-bound 
stratigraphy emphasizes four major evolutionary phases, or ‘supersynthems,’ of 
submarine transitioning to subaerial eruptive activity at Mt. Etna (Fig. 3). Etnean 
volcanism was first dominated by scattered fissure-type eruptions of tholeiitic affinity  
Fig. 2. Simplified map illustrating Mt. Etna’s position at the intersection of two 
main tectonic domains: (1) the orogenic domain to the N-NW, which is composed 
of the Apenninic-Maghrebian Chain, and (2) the foreland domain to the S-SE, 
which is composed of the Gela-Catania foredeep, the Hyblean foreland, and the 
Ionian basin (tectonic domains redrawn after Catalano et al., 2004). Major fault 
systems: A, Aeolian-Maltese; B, Comiso-Messina; C, Scicli; D, Monte 
Kumeta-Alcantara (faults redrawn after Bousquet & Lanzafame, 2004).
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(Basal Tholeiitic Supersynthem; 500 to 300 ka). There was a shift in activity from 220 to 
112 ka (Timpe Supersynthem), when Na-alkaline magma compositions became dominant 
and eruptions more centralized, which formed a polygenetic shield volcano. During the 
Valle de Bove Supersynthem (110 to 65 ka), the pathway for magma ascent became 
centralized, and an early stratovolcano was formed via the superposition of seven small 
volcanoes. Lastly, the Stratovolcano Supersynthem (57 to 0 ka) represents the 
stabilization of the Etna’s magma storage system to its present position, where two large 
overlapping volcanoes (Ellittico and Mongibello) constitute the majority of Mt. Etna’s 
current edifice (Branca et al., 2004, 2008, 2011a, 2011b; De Beni et al., 2011). Overall, 
the most abundant volcanic products at Mt. Etna are trachybasalts and basaltic 
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trachyandesites, with minor basalts, basaltic andesites, tephrites/basanites, 
phonotephrites, and tephriphonolites (Fig. 3).   
Because of Mt. Etna’s geodynamically complex location, its mantle source 
region(s) have been challenging to interpret and are widely debated in the literature. 
Hypotheses regarding the source of melts range from a mantle diapir (e.g., Clocchiatti et 
al., 1998; Patanè et al., 2006; Tanguy et al., 1997) to magmatism induced by slab 
rollback and mantle upwelling (e.g., Doglioni et al., 2001; Gvirtzman and Nur, 1999; 
Schellart, 2010). Tectonically controlled magmatism has also been proposed, via 
dilational strain on a crustal-scale normal fault (e.g., Monaco et al., 1997), which would 
presumably allow for decompression melting of the mantle. 
Crustal Structure and Composition 
Reaching approximately 3300 m a.s.l., Mt. Etna is Europe’s largest active 
volcano. Beneath the volcanic pile, the sedimentary basement is uplifted, reaching as 
high as 700 m to 1300 m a.s.l., with the uppermost 2000 m to 2600 m of the mountain 
composed of volcanic rocks (Catalano et al., 2004). These sedimentary strata are up to 
10-15 km thick; the first 2-5 km below the volcanic pile are a mélange of marly clays, 
marly limestones, and quartz-arenitic rocks of the Apenninic-Maghrebian chain and 
Gela-Catania foredeep (Bousquet and Lanzafame, 2004; Corsaro and Pompilio, 2004a; 
Loddo et al., 1989; Tibaldi and Groppelli, 2002), and these overlie approximately 8-10 
km of Mesozoic to Mid-Pleistocene carbonate rocks of the Hyblean Plateau (Fig. 4)  
(Corsaro and Pompilio, 2004a; Loddo et al., 1989; Yellin-Dror et al., 1997). 
The horizontal distribution of sedimentary substrata beneath Mt. Etna is inferred 
based on outcrops along the boundaries of the volcanic edifice, boreholes, and  
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geophysical data (Catalano et al., 2004; Lentini et al., 2006). The substrata outcropping 
beneath the northern and western sectors of the volcano are sedimentary units of the 
Apenninic-Maghrebian Chain, which rest on the hanging wall of the NE-SW external 
front of the chain (Catalano et al., 2004). Geophysical data suggest the existence of 
strongly deformed carbonate bodies related to the Hyblean Plateau as far north as the 
northern flank of Mt. Etna, beneath the units of the Apenninic-Maghrebian Chain 
(Lentini et al., 2006). The eastern portion of the volcano rests upon Gela-Catania 
foredeep deposits, which consist of Early-Middle Pleistocene marly clays that grade 
upward into calcarenites. The full succession of foredeep deposits outcrop along the 
southern edge of Etna (the ‘Terreforti High’) (Catalano et al., 2004).  
There are four primary fault systems in the vicinity of Mt. Etna (Fig. 2): (1) the 
Aeolian-Maltese fault system, (2) the Comiso-Messina fault, (3) the Scicli fault, and (4) 
the Monte Kumeta-Alcantara faults (Bousquet and Lanzafame, 2004). The Sicilian 
continental crust (30 km thick) on which Mt. Etna lies is bordered by oceanic crust (10-
12 km thick) of the Ionian basin. These continental and oceanic domains are separated by 
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Fig. 4. Schematic cross-section illustrating the substrata beneath Mt. Etna. Ranges of approximate thick-
nesses of the units are from Corsaro and Pompilio (2004), Loddo et al. (1989), Tibaldi and Groppelli 
(2002), and Yellin-Dror et al. (1997). Redrawn from Branca et al. (2004) and Heap et al. (2013).
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a prominent lineament named the Malta escarpment; faults associated with this lineament 
are named the Aeolian-Maltese fault system, which formed as the result of the buoyant 
Hyblean plateau resisting subduction while the adjacent oceanic crust of the Ionian basin 
subducts (Bousquet and Lanzafame, 2004). This transform system extends NW-SE from 
the Malta escarpment along the southeastern coast of Sicily, and continues NW across 
northeastern Sicily until it reaches the Tyrrhenian sea (Ben-Avraham and Grasso, 1991; 
Bousquet and Lanzafame, 2004; Lentini et al., 2006). Mt. Etna is bound by the NE-SW 
trending Scicli and Comiso-Messina faults to the east, and the roughly E-W trending 
Monte Kumeta-Alcantara faults to the north. Therefore, the substrata beneath Mt. Etna 
are highly fractured due to the four aforementioned fault systems, as well as numerous 
gently sloping overthrust planes from the Apenninic-Maghrebian chain (Bousquet and 
Lanzafame, 2004). 
Geochemical and Eruptive Evolution from 1329-2005 
Of Mt. Etna’s alkalic compositional series, which is dominantly Na-alkalic, there 
has been a more recent shift toward potassic affinity (Corsaro and Pompilio, 2004b). In 
addition to K, other elements that show evidence of enrichment include Rb and Cs, and 
87Sr/86Sr is more radiogenic (Fig. 5). This trend of selective enrichment started in the 17th 
century, and has increased dramatically since the 1970s; since then, lavas with the most 
radiogenic Sr isotopes and highest K2O concentrations ever produced were emitted 
(Armienti et al., 1994a, 2007; Barbieri et al., 1993; Condomines et al., 1995; Corsaro and 
Pompilio, 2004a; Tanguy and Clocchiatti, 1984; Tanguy and Kieffer, 1976; Tonarini et 
al., 2001). This changing geochemical signature was accompanied by an increase in the  
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explosivity, frequency, and volume of post-1971 eruptions (Fig. 6). The increase in the 
explosivity and frequency of eruptions is illustrated by comparing the volcano’s behavior 
during two time periods: 1670-1726 and 1971-2003. During the first period, the eruptive
style was dominated by effusive activity with eruptive hiatuses as long as 22 years, 
whereas the second period transitioned to more frequent lava fountaining and strombolian  
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and subplinian eruptions, with periods of inactivity only lasting up to 7 years (Branca and 
Del Carlo, 2005). Additionally, the post-1971 increase in lava output is demonstrated by 
an analysis of the cumulative eruptive volume of flank eruptions; there is a regular 
increase in the cumulative volumes from 1763 to 1975, and a dramatic increase in the 
volume occurs thereafter (Branca and Del Carlo, 2004). 
Two major arguments for the alkali enrichment have been invoked: (1) 
contributions from the crust in the form of alkali-rich fluids or melts (e.g., Clocchiatti et 
al., 1988; Condomines et al., 1995), and (2) changing mantle source region delivered in 
the form of mafic recharge, possibly due to increased mantle-subduction fluid interaction 
(e.g., Armienti et al., 2007; Tonarini et al., 2001). The case for a mantle-controlled alkali 
enrichment signature lies in the idea that newly introduced, distinct batches of magma are 
mixing with pre-1971 magmas to produce the geochemical trends seen in post-1971 
lavas. Mantle heterogeneity is a well-documented phenomenon that can produce 
variations in magma composition, namely via resident magmas mixing with newly 
introduced magmas originating from either a source that has been melted to different 
(a) (b)
Fig. 6. (a) Histogram and curve showing the frequency and cumulative number of eruptions during the 
period from 1675 to 2003 (from Branca & Del Carlo, 2005). (b) Diagram showing the cumulative 
volume of flank eruptions from 1763 to 2000 (from Branca & Del Carlo 2004). Note that both the 
frequency and volume of eruptions undergo sharp increases during the 1970s. 
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degrees and/or metasomatized, in the case of Etna, by subduction-related fluids (e.g., 
Barbieri et al., 1993; Clocchiatti et al., 1998; Martelli et al., 2008; Schiano et al., 2001; 
Tanguy et al., 1997; Tonarini et al., 2001; Viccaro and Cristofolini, 2008; Viccaro and 
Zuccarello, 2017). For example, Tonarini et al. (2001) examined whole rock B and Sr 
isotopes and 87Sr/86Sr of clinopyroxene crystals. These authors observe a regular trend
of increasing dB11 and 87Sr/86Sr through time, by which they preclude flysch and 
carbonate basement assimilation as the main source of the alkali enrichment (i.e., flysch 
and carbonate assimilation would respectively lower and raise the dB11 too significantly 
to match the observed values). Tonarini et al. (2001), and a similar study by Armienti et 
al. (2007), ascribe the positively correlated dB11 and 87Sr/86Sr trend to the introduction of 
three distinct magma types, whose chemistries are consistent with progressive mixing 
between the mantle source and an increasing amount of fluid mobile element-rich 
subduction-related fluids from the nearby Ionian slab. Recently, Viccaro and Zuccarello 
(2017) proposed that variable metasomatism of the mantle source and changing degrees 
of partial melting of lherzolite and pyroxenite and magma mixing can account for some 
of the major oxide and trace element temporal variations. In summary, magma mixing 
between pre-1971 lavas and melts derived from an alkali- and volatile-rich mantle end-
member is often invoked to explain the post-1971 Etnean geochemical features (e.g., 
Armienti et al., 1989; Métrich et al., 2004; Tonarini et al., 1995, 2001; Viccaro and 
Cristofolini, 2008; Viccaro and Zuccarello, 2017) 
The argument for a crustal-controlled geochemical signature in post-1971 
eruptions is rooted in the idea that extensive carbonate/flysch basement assimilation is 
occurring in Etnean magmas. The significant effects of carbonate assimilation at 
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volcanoes with carbonate basements worldwide have been extensively recognized, for 
example, in the following locations: the Colli Albani volcanic district (Di Rocco et al., 
2012; Freda et al., 2008; Iacono Marziano et al., 2007), Mt. Vesuvius (Del Moro et al., 
2001; Iacono Marziano et al., 2008, 2009; Jolis et al., 2015), and the Campi Flegrei 
volcanic district (Pappalardo et al., 2002) in Italy, Merapi volcano in Indonesia (Borisova 
et al., 2013; Chadwick et al., 2007; Deegan et al., 2010), and Popocatépetl volcano, 
Mexico (Goff et al., 1998, 2001). A variety of experimental and petrologic studies that 
document the geochemical interactions between magma and carbonate rocks include 
calc-silicate xenoliths with textures indicative of intense magmatic interaction (Borisova 
et al., 2013; Chadwick et al., 2007; Del Moro et al., 2001; Michaud, 1995), highly 
radiogenic 87Sr/86Sr volcanic products, suggestive of crustal input (Borisova et al., 2013; 
Chadwick et al., 2007; Deegan et al., 2010; Del Moro et al., 2001; Di Rocco et al., 2012; 
Iacono Marziano et al., 2008; Jolis et al., 2013), Ca-rich phases (Deegan et al., 2010; 
Iacono Marziano et al., 2008; Jolis et al., 2013), and a large CO2 release from carbonate 
rocks (Borisova et al., 2013; Deegan et al., 2010; Di Rocco et al., 2012; Heap et al., 
2013; Iacono Marziano et al., 2008, 2009; Jolis et al., 2013; Mollo et al., 2010). Gravity 
and deep dipole geoelectrics (Loddo et al., 1989), structural interpretations (Borgia et al., 
1992), and stratigraphic relationships (Grasso and Lentini, 1982; Pedley and Grasso, 
1992) provide documentation that at least the upper ~10 km of crust on which Mt. Etna 
developed is composed of sedimentary rocks, and siliceous, peraluminous, and carbonate 
sedimentary xenoliths are widely documented at Mt. Etna (e.g., Clocchiatti et al., 1988; 
Corsaro et al., 2007; Coulson et al., 2011; Lanzafame et al., 2003; Michaud, 1995; 
Monaco et al., 2005; Neri et al., 2004). However, until now there have not been 
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quantitative studies that examine the extent to which sedimentary basement assimilation 
can explain the alkali enrichment signatures in post-1971 magmas at Etna.  
PUBLISHED AND UNPUBLISHED DATA UTILIZED IN MODELING 
In order to evaluate the accuracy of the computational models, each model is 
compared to analytical data from 33 studies (Table 1) that include 748 analyzed samples 
that span Mt. Etna eruptions from 1329 to 2005. In this study, I have focused on 8 major 
oxides (SiO2, TiO2, FeO*, Al2O3, MgO, CaO, Na2O, and K2O), 5 trace elements (Rb, Sr, 
Ba, La, Nd), and 87Sr/86Sr; Figs 7 and 8 illustrate these data. In this document, all 
observed major element oxides are reported in wt.% and trace elements in ppm.  
Whole rock analytical methods include XRF, AAS, ICP-AES, and ICP-OES for 
major oxides, XRF, ICP-MS, and INAA for trace elements, and mass spectrometry for Sr 
isotopes. For analytical details of published studies, refer to the original papers. Data 
collected from an unpublished study (David Graham, per. comm, 1993) were collected 
using XRF, ICP-MS, and thermal ionization mass spectrometry.   
Additionally, plagioclase, clinopyroxene, and olivine analytical data (Del Carlo 
and Pompilio, 2004; Kahl et al., 2011, 2017; Moses, 2010; Nelson, 2015; Viccaro et al., 
2010; Viccaro and Cristofolini, 2008) are used to evaluate modeled mineral 
compositions, and methods for data collection are found in these references. 
The vast majority of both pre- and post-1971 Etnean lavas classify as 
trachybasalts, with select samples classifying as basalts, basaltic trachyandesites, 
tephrites/basanites, phonotephrites, and tephriphonolites (Fig. 9). There is also is a shift 
from Na to K affinity in the post-1971 sample population (Fig. 5b). Especially striking  
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are the elevated concentrations of K2O, Rb, and 87Sr/86Sr in post-1971 samples, compared 
to lower concentrations in pre-1971 samples (Fig. 5a).  
Observed mineral proportions of the ubiquitous mineral phases in Etnean 
eruptions (plagioclase, clinopyroxene, olivine, and oxides) are taken from a subset of 35  
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samples over the time period from 1329-1991 (Graham et al., per. comm, 1993) The 
average observed phase assemblage is overwhelmingly dominated by plagioclase 
feldspar (65%), followed by clinopyroxene (21%), olivine (7%), and oxides (2%). 
Additionally, apatite is sometimes an accessory phase (Corsaro and Pompilio, 2004b), 
and amphibole and orthopyroxene are documented in select eruptions, such as in 2001 
(Clocchiatti et al., 2004; Viccaro et al., 2006). 
Compositional Proxies for Etna Parental Magma and Crustal Components 
The modeling process begins with identifying potential parental magma 
compositions. As a proxy for a parental magma composition for historical (pre-1971) to 
recent (post-1971) Etnean lavas, three compositions gleaned from existing samples were 
tested: (1) whole rock analyses of two ~4 ka fall-stratified tephras (samples svp291-D 
and svp5; Kamenetsky et al., 2007), and (2) a lava from the 2002-2003 eruption (sample 
02-e; Clocchiatti et al., 2004) (Table 2), which is the sample in the dataset outlined in 
Table 1 with the highest wt.% MgO. The former samples were selected as potential 
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parental magmas because of their primitive petrography and chemistry. They contain 
euhedral crystals of olivine (<8% modal abundance; Fo90-91), clinopyroxene (<3%; Mg# 
96-92.5), and Cr spinel (<0.1%). Additionally, the combination of high whole rock MgO 
(12-17 wt.%), Ni (135-285 ppm), and Cr (920-1330 ppm) concentrations is characteristic 
of a primitive, unfractionated magma (e.g., Kamenetsky et al., 2007). Sample 02-e in the 
data compilation was selected as a possible parental magma because it is the least 
evolved in the overall dataset and is close to a representative melt composition with 
<10% phenocrysts (Clocchiatti et al., 2004). The best-fit choice is ultimately svp291-D 
(PM), and is defended by MELTS modeling results discussed below. 
Although siliceous, peraluminous, carbonate, and composite sedimentary 
xenoliths are recognized at Mt. Etna (e.g., Corsaro et al., 2007; Coulson et al., 2011; 
Lanzafame et al., 2003; Michaud, 1995; Monaco et al., 2005; Neri et al., 2004), no 
existing studies analyze the xenoliths’ whole rock major and trace element and isotopic 
compositions. Because of this, other geochemical data are utilized as proxies for the 
Table 2: Potential parental magmas used in Magma Chamber Simulator modeling.  
 svp291-d (PM)1 svp51 02-e2 
SiO2 47.07 48.44 46.50 
TiO2 0.84 0.96 1.65 
Al2O3 9.98 11.48 15.44 
Fe2O3 1.48 1.50 1.60 
FeO 8.01 8.00 9.08 
MnO 0.17 0.17 0.17 
MgO 16.91 11.91 7.62 
CaO 12.21 13.46 11.69 
Na2O 1.31 1.70 2.91 
K2O 0.61 0.93 1.72 
P2O5 0.22 0.25 0.44 
H2O3 1.00 1.00 1.00 
CO23 0.20 0.20 0.20 
All data reported in wt.%. 
1From Kamenetsky et al. (2007). 
2From Clocchiatti et al. (2004). 
3Estimated values. 
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sedimentary basement (Tables 3 and 4). The Capo d’Orlando flysch, which has been 
suggested as a source of crustal contamination in Etnean lavas (Clocchiatti et al., 1988; 
Marty et al., 1994), is used to represent the flyschoid sediments in the uppermost 2-5 km 
beneath the volcanic pile. A variety of skarn xenoliths from the Vesuvius (Jolis et al., 
2015) and Colli Albani (Di Rocco et al., 2012) volcanic fields are used as proxies for the 
Hyblean Plateau, which is composed of carbonate rocks and extends for approximately 8-
10 km below the flyschoid sediments. The interaction between carbonate rocks and heat 
supplied by magmatic activity can induce physical, chemical, and mineralogical changes 
(i.e., contact metamorphism). Due to the metamorphism evident in Etnean carbonate 
xenoliths such as those documented by Michaud (1995), along with the long-lived (~500 
kyr) magmatic activity at Mt. Etna, I assume that some carbonate rocks in contact with 
Etna’s magma storage system have been metamorphosed into magmatic skarns. This 
inference is supported by highly radiogenic Sr values recorded in clinopyroxene 
(0.710207 ± 0.000063) suggestive of a crustal origin (Nelson, 2015). Therefore, rather 
than carbonate compositions, I use the skarn xenolith compositions taken from Di Rocco 
et al. (2012) and Jolis et al. (2015) for the Vesuvius and Colli Albani volcanic fields, 
respectively, to represent Mt. Etna’s carbonate substrata. Finally, mixtures of the Capo 
d’Orlando flysch and skarn 23 (a representative skarn composition based on the dataset) 
were also tested as potential wallrock compositions (Tables 3 and 4). 
THERMODYNAMIC MODELING 
In the following sections, I first introduce Rhyolite-MELTS and Magma Chamber 
Simulator, the thermodynamic modeling tools used in this study, provide a general 
outline of the ways in which these models were utilized, and describe how I determined  
 30 
 
 
 31 
 
 
model fit. Then, I address the closed-system (Rhyolite-MELTS) and open-system 
(Magma Chamber Simulator) modeling approaches and results. 
Rhyolite-MELTS 
Rhyolite-MELTS (Ghiorso and Gualda, 2015; Gualda et al., 2012) is a 
thermodynamic model that predicts the phase equilibria and melt composition of a 
cooling magma evolving via equilibrium or fractional crystallization. Specifically, 
Rhyolite-MELTS version 1.2.0, a mixed fluid (H2O+CO2) version optimized for mafic 
and alkalic melts, is employed in this study for fractional crystallization models. The 
goals of utilizing Rhyolite-MELTS were: 
Table 4: Measured and estimated trace elements and Sr isotopes used in Magma Chamber Simulator 
modeling. 
 Rb Sr Ba La Nd 87Sr/86Sr 
svp291-D 
(PM)1 
14.5 613 314 23.3 20.2 0.7033 
02-e2 46.8 1073 596 54 46.5 0.70358 
Capo 
d’Orlando 
flysch3 
49.3 879 150 35 20 0.71776 
Skarn 144 121 350 1338 20 30 0.7072 
Skarn 204 121 350 1338 20 30 0.7072 
Skarn 235 121 350 1338 20 30 0.7072 
90/10 56 826 269 34 21 0.7173 
80/20 64 773 388 32 22 0.7168 
70/30 71 720 506 31 23 0.7163 
60/40 78 667 625 29 24 0.7156 
50/50 85 615 744 28 25 0.7148 
40/60 92 562 863 26 26 0.7139 
70/30 99 509 982 25 27 0.7128 
Values in italics are estimated. Ratios are listed as mixtures of flysch to skarn 23. See Tables 2 and 3 
for major oxide data for these rocks.   
1Trace element concentrations taken from the ~4ka tephra sample set of Kamenetsky et al. (2007); Sr 
isotope ratio is estimated from the least radiogenic sample in the data compilation outlined in Table 1. 
2Trace element concentrations and Sr isotopes were not available for this sample, so they were 
estimated based on the average of lavas in the same eruption from Clocchiatti et al. (2004).  
3Trace element concentrations estimated from Mikes et al. (2006); Sr isotope ratio from Armienti et al. 
(1989). 
4Rb and Ba concentrations from Jolis et al. (2015); Sr, La, and Nd concentrations estimated from Del 
Moro et al. (2001); Sr isotope ratios estimated from the Sr seawater curve of McArthur et al. (2001). 
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(1) to select a parental magma composition that successfully yields the observed pre-
1971 samples; if crustal assimilation and stoping are important, then this magma 
composition may also serve as the parent for the post-1971 eruptions. This goal 
was completed by testing three potential parental magmas (samples svp291-D, 
svp5, and 02-e), and then evaluating the best-fit models for pre-1971 lava 
compositions (as described below). 
(2) to narrow the ranges of pressure, initial H2O content of the parental magma, and 
the initial fO2 of the magmatic system.  
Over 60 fractional crystallization runs were completed with variations in parental magma 
starting compositions, initial H2O content, pressure, and initial oxygen fugacity (Table 5). 
Table 5: Summary of range of input parameters for rhyolite-MELTS fractional crystallization models. 
Function FC 
Number of Model Runs 66 
Number of Parental Magma Compositions Tested 3 
fO2 Buffers QFM-2, QFM-1, QFM, QFM+1, QFM+2 
Pressures (GPa) 0.1, 0.2, 0.5, 0.8, 1.1 
Initial H2O Content (wt.%) 0.5, 1.0, 2.0, 3.0, 4.0, 5.0 
 
Magma Chamber Simulator 
Magma Chamber Simulator (MCS) (Bohrson et al., 2014) is a mass- and energy-
constrained thermodynamic model that quantifies the open-system evolution of a magma 
body affected by recharge/magma mixing (R), crustal assimilation (A), and fractional 
crystallization (FC). In addition to simulating the effects of recharge/magma mixing, the 
recharge function of MCS can be used to simulate stoping (S) of wallrock blocks into the 
magma body. Four types of MCS simulations are employed in this study: FC, AFC, SFC, 
and SAFC. 
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The primary goal of the MCS assimilation and stoping modeling (SFC, AFC, and 
SAFC) was to identify processes that effectively capture the observed post-1971 data 
trends, especially K2O, Rb, and 87Sr/86Sr versus MgO. Exploratory SFC and AFC models 
examined the consequences of assimilating and stoping flysch, skarn, and skarn + flysch 
mixtures (Tables 3 and 4), in order to identify the wallrock compositions with the most 
potential for producing the observed trends. A total of 157 AFC, SFC, and SAFC major 
element models were completed by varying wallrock and stoped block compositions, 
masses, starting temperatures, and magma stoping trigger temperatures (the magma 
temperature at which stoping is initiated) (Table 6).  
 MCS utilizes the mass constraints established by Rhyolite-MELTS, which always 
initiates a run with 100 grams of magma melt (i.e., at the liquidus). All masses reported 
here are either in grams (e.g., 5 grams of olivine formed in the magma body) or as 
percent, using the initial mass of magma as the comparison (e.g., 5% olivine formed).  
Table 6: Summary of MCS models and the ranges of input parameters tested. 
Function AFC SFC SAFC 
Number of Runs 61 64 32 
WR1 Compositions 
Tested 
11 - 5 
WR Initial Mass (g) 25-100 - 75-100 
WR Initial T (°C) 200-500 - 200 
Fmzero 0.02-0.10  0.05 
S1 Compositions 
Tested 
- 7 5 
S Mass (g) - 5-80 5-60 
S Initial T (°C) - 750-1250 750-1250 
S Trigger T (°C) - 950-1195 1140-1185 
1WR = wallrock; S = stoped block. 
WR initial mass is set relative to the magma body mass, which is always 100 g.  
With the exception of a select few runs at 0.5 GPa, all of these runs were performed at 0.2 GPa. 
Additionally, the initial H2O content in the magma was 1.0 wt.%, and an initial ferric/ferrous oxide 
ratio was determined with a QFM oxygen buffer. The temperature decrement in all runs was 5 °C.  
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Major Element and Phase Equilibria Modeling 
MCS model inputs include pressure (the MCS is run only under isobaric 
conditions) for the composite system (i.e., the resident magma body, including a 
cumulate reservoir + wallrock ± recharge), starting temperatures and masses of the 
wallrock and recharge, and initial major element compositions (including H2O and CO2) 
of the magma body, wallrock, and each magma recharge event (up to 5). MCS also 
requires either an oxygen buffer (e.g., QFM) or an initial ferrous/ferric ratio of magma, 
wallrock and recharge magma. In the case where the initial fO2 is set, the model then runs 
with unconstrained fO2. The model calculates the liquidus temperature specific to the 
starting magma composition (i.e., parental magma). Additionally, the user defines a 
critical melt fraction (Fmzero), which represents a percolation threshold for anatectic 
melt mobility. Fmzero values of 0.4 to 0.12 are suggested by Bohrson et al. (2014) based 
on experimental studies and percolation theory. Once this threshold is surpassed, any 
partial melt produced over the critical value is ‘instantaneously’ removed and added to 
the resident magma body, thus returning the anatectic melt fraction to the critical value. 
With all of this information, the MCS computes the phase equilibria and major element 
evolution of all subsystems, which are connected by thermodynamic boundaries. Each 
step in the simulation utilizes mass and energy balance and thermodynamic relationships 
of phases to provide major elements, masses, and temperatures for magma melt ± fluid 
phase, associated crystals, and residual wallrock, as well as the state of the recharge 
magma at the instance before recharge is triggered. The MCS uses a batch fractional 
crystallization model, in which crystal phases are removed at each temperature step into a 
cumulate reservoir that can interact thermally but not chemically with the resident magma 
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body. Each simulation begins at the liquidus temperature of the magma body and 
concludes either when the magma body and wallrock are in thermal equilibrium or when 
a user specified temperature is reached (i.e., for RFC cases).  
In MCS, assimilation is defined as the addition of wallrock partial melt to magma 
melt; wallrock melt is only transferred and thoroughly mixed into the magma body when 
the percolation threshold is exceeded. The wallrock partial melt compositions are 
calculated using thermodynamic constraints from Rhyolite-MELTS (Ghiorso and Gualda, 
2015; Gualda et al., 2012). The path to the magma-wallrock thermal equilibrium during 
an AFC simulation occurs through repeated calculations that are governed by thermal and 
mass exchanges between subsystems:  
(1) As the magma temperature decreases (temperature decrement step set by the 
user; 5 °C in this study), enthalpy is transported to the wallrock. A new 
magma melt + solids ± fluids assemblage is calculated, as well as a new 
thermodynamic state and temperature of the wallrock. 
(2) Magma solids are fractionated into a cumulate reservoir, where they continue 
to interact thermally but do not interact chemically with magma melt. Step 
one and two are repeated until the wallrock reaches its solidus. 
(3) Enthalpy continues to be delivered to the wallrock. The wallrock temperature 
exceeds its solidus and partially melts, but the melt is not yet added to the 
magma because the melt fraction is below the percolation threshold (Fmzero). 
(4) Once enthalpy exchange generates a wallrock melt fraction that is above the 
percolation threshold, the mass above the threshold is transported into the 
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magma body and homogenized with the melt. A new magma melt + solids ± 
fluids assemblage is calculated. 
(5) Repeat steps 1-4 until the magma and wallrock are in thermal equilibrium.  
Stoping in this study (via the recharge function of MCS) is used to simulate the physical 
process by which wallrock is fractured and incorporated into a magma body. Stoped 
blocks (with a defined temperature, composition, and mass) are added to the magma body 
via bulk addition at any chosen magma temperature step, termed the magma trigger 
temperature. Prior to mass transfer, MCS computes the thermodynamic state of the 
stoped block (proportions of crystals and liquid ± fluid, and phase equilibria). Upon 
stoping, the model homogenizes the stoped block with the resident magma, and this 
thermodynamically re-equilibrates. The evolution of the system will continue thereafter 
as described above. 
Trace Element Modeling 
 A subset of trace elements (Rb, Sr, Ba, La, Nd) and 87Sr/86Sr were modeled using 
the Trace Element Module of the MCS (Heinonen et al., in prep). Rb, Sr, and 87Sr/86Sr 
were selected for modeling because they are most conspicuously affected by the post-
1971 magma processes; Ba, La, and Nd were also selected for modeling because these 
elements exhibit a range of general geochemical behavior (e.g., REE, LILE) and are not 
distinct between pre- and post-1971 samples. Although Cs is an element of interest as 
part of the alkali enrichment event at Mt. Etna, it was excluded from modeling because 
Cs is highly mobile and the Cs versus MgO trend is very scattered. The trace elements 
and 87Sr/86Sr were modeled using a range of FC, AFC, SFC, and SAFC major element 
models (discussed below) in order to determine the best-fit model(s).  
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The Trace Element Module utilizes the masses of solid and fluid phases for 
magma and wallrock with user-defined starting trace element concentrations and 
isotopes, and solid/melt, solid/H2O, and solid/CO2 fixed partition coefficients for the 
magma and wallrock. Since mass via the recharge/stoping function is added in a single 
step and completely homogenized with the magma body, only starting trace element 
concentrations, not partition coefficients, are needed for wallrock that is stoped. Partition 
coefficients were chosen using the Geochemical Earth Reference Model Partition 
Coefficient Database. Partition coefficients for trachybasalts (the majority of Etnean 
lavas from 1329-2005; Fig. 9) were lacking, so partition coefficient selections were 
expanded to include alkali basalts and basalts (Appendix 1). Flysch and flysch + skarn 
mixture mineral/melt partition coefficients were chosen based on how similar the 
wallrock’s silica content is to a basalt, andesite, dacite, or rhyolite (Table 3). For 
example, the Capo d’Orlando flysch has a high bulk silica content (69 wt.% SiO2) similar 
to dacites and rhyolites, so mineral/melt partition coefficients for the Capo d’Orlando 
flysch were chosen based on dacite and rhyolite values. 
Determining Model Fit 
Best-fit models were determined by visual inspection with the goals of capturing 
the middle of the main observed data trend and/or ‘bracketing’ the observed data (i.e., 
capturing the lower and upper limits of the observed data). The methods of Graubard 
(2016) that define a successful model as effectively capturing 6 out of 8 major oxides of 
the observed data were implemented. Regarding trace elements and Sr isotopes: (1) if the 
model was unsuccessful at capturing 87Sr/86Sr and Rb, then that model was immediately 
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rejected, and (2) if a model successfully captured 87Sr/86Sr, Rb, and three of the four 
remaining trace elements, then that model was accepted as a best-fit model. 
Choice of Parental Magma 
A total of sixty-six Rhyolite-MELTS fractional crystallization models were run 
with the goals of selecting a parental magma that yields pre-1971 data trends, and 
defining the best-fit initial conditions of this parental magma based on variations in the 
pressure, and initial H2O content and oxygen fugacity (Table 5). The magma temperature 
decrement of all models discussed in this work is 5 °C. 
Fig. 10 displays the FC scenarios of the three potential parental magmas, and  
Table 7 summarizes the magmas’ visual goodness of fit with respect to the observed data 
for the major oxides versus MgO (wt.%). To document the best parental magma choice 
for modeling, each potential parent was run under the same initial conditions: 0.2 GPa 
with an estimated initial water content of 1.0 wt.%, and a starting ferric/ferrous iron ratio 
representative of the oxygen buffer QFM. Sample svp5 captures the smallest number of 
major oxides (3/7) and was eliminated on that basis. In comparison, sample svp291-D 
captures 5/7 major oxides, with model values too low for observed values of TiO2 and 
Na2O3. Lastly, sample 02-e captures the most major oxides (7/7). However, there is an 
important distinction between the modeled FC evolution of samples svp291-D and 02-e: 
the former captures the pre-1971 K2O trend, while the latter is a better fit for the post-
1971 K2O trend. Since this study aims to examine the post-1971 alkali enrichment event, 
which clearly enriches K2O, svp291-D was chosen as the modeling parent. This choice of 
the older tephra over sample 02-e (which erupted in 2002-2003) is supported by 2 lines of 
reasoning: (1) svp291-D exhibits geochemical characteristics indicative of a primitive,  
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unfractionated magma (see above description in ‘compositional proxies’ section), and (2) 
it does not exhibit evidence of being affected by alkali enrichment. In contrast, sample  
02-e may have experienced crustal assimilation since it erupted after 1971and therefore it 
is eliminated as a possible parent for this analysis. With the exception of Na2O and TiO2, 
the ~4 ka tephra (svp291-D) satisfactorily captures the major oxides versus MgO, and 
therefore, it has been chosen as the sample that best represents the pre-1971 parental 
magma; this sample is referred to as PM from here on. 
Best-Fit Initial Conditions 
Variations in the initial conditions for PM (pressure, initial H2O content and 
initial fO2) were examined to determine the best-fit starting conditions for the parental 
magma. Summarized in Table 5, the initial H2O contents ranged from 0.5 to 5.0 wt.% 
(Fig. 11), pressures tested were 0.1, 0.2, 0.5, 0.8, and 1.1 GPa (Fig. 12), and initial 
oxygen fugacity ranged from QFM-2 to QFM+2 (Fig. 13).  
The literature provides constraints on H2O contents in Etnean magmas. Corsaro 
and Pompilio (2004) demonstrate that volatile-poor (<1.0 wt.% H2O+CO2) Etnean  
Table 7: Summary of the three potential parental magmas’ visual goodness of fit with respect to the 
observed data for major oxides versus MgO. 
 svp291-D svp5 02-e 
SiO2 ü  ü 
TiO2   ü 
Al2O3 ü ü ü 
FeO* ü ü ü 
CaO ü ü ü 
Na2O   ü 
K2O (pre-1971)1 ü   
K2O (post-1971)1   ü 
Total captured 5 3 7 
1K2O is divided into pre- and post-1971 categories, since the K2O data trends for each time period are 
distinct relative to each other.  
Blank space = the simulation does not capture the oxide; ü = the simulation effectively captures the 
oxide based on visual analysis. 
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magmas would likely stall at approximately 22 km deep in the crust due to insufficient 
buoyancy relative to the basement rocks, and Corsaro and Pompilio (2004b) note that 
alkaline series rocks generally contain 1-3 wt.% H2O. Therefore, modeled initial H2O 
contents of <1.0 wt.% were eliminated. Furthermore, H2O contents >1.0 wt.% negatively 
affected modeled Al2O3 trends by delaying the onset of plagioclase crystallization in 
comparison to the 1.0 wt.% H2O run. The onset of plagioclase crystallization is  
illustrated in Fig. 11, and is marked by the Al2O3 inflection points in both the 2.0 and 3.0 
wt.% H2O models at ~4 wt.% MgO. My visual best-fit choice is therefore an initial H2O 
content of 1.0 wt.%.  
Pressures exceeding 0.5 GPa were immediately rejected due to exceptionally bad  
model fits relative to observed SiO2, Al2O3, and FeO* versus MgO (wt.%) (Fig. 12). 
Furthermore, fractional crystallization of PM with >0.5 wt.% H2O at pressures above 0.2 
GPa stabilized garnet, which is not a documented phase at Mt. Etna. Therefore, in favor 
of a phase assemblage consistent with the observations, pressures over 0.2 GPa were 
eliminated. This leaves pressures of 0.2 GPa and 0.1 GPa, which are virtually 
indistinguishable for TiO2, FeO*, Na2O, and K2O versus MgO (wt.%). The 0.1 GPa runs 
have slightly higher SiO2 and CaO than the 0.2 GPa run, but both are still well within the 
observed range of data. Lastly, plagioclase saturates slightly sooner in the 0.1 GPa run (as 
indicated by the Al2O3 inflection point at ~6.5 MgO wt.%), which causes it to reach only 
the lowest values of Al2O3. Therefore, a pressure of 0.1 GPa is adequate, but a pressure of 
0.2 GPa is preferred as the best-fit.  
Additionally, changes in the initial ferric/ferrous iron ratios determined under 
various oxygen buffers (QFM-2 to QFM+2) produced models with varied TiO2 and FeO* 
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(Fig. 13). Relative to QFM, QFM-1 and QFM-2 models have higher TiO2 and FeO*, 
while QFM+1 and QFM+2 have lower TiO2 and FeO*, which allowed the models to 
capture additional observed data points, particularly for FeO* versus MgO (wt.%). This 
suggests that the fO2 may have varied in the magmatic system. However, an oxygen 
buffer of QFM was preferred for modeling, because it captured the maximum FeO* 
concentrations for observed pre-1971 data. 
In summary, the best-fit results for PM yield an initial H2O content of 1.0 wt.%, a 
pressure of 0.2 GPa, and an initial ferric/ferrous iron ratio determined by an oxygen 
buffer of QFM (Fig. 14). 
Parental Magma Major Oxides, Trace Elements, Sr Isotopes, and Mineralogy 
Fractional crystallization of the parental magma effectively captures the middle 
range of the observed data when plotted against MgO for SiO2 and CaO, and the upper 
range of FeO*, while it is consistently too low in Na2O and TiO2. The slope of the 
model’s Al2O3 evolution lines up with the observed data, but it does not reach the upper 
range of data from approximately 17-20 wt.% Al2O3. Notably, the parental magma’s K2O 
evolution versus MgO successfully captures the lower pre-1971 trend, but it is too low 
for the more enriched post-1971 data (Fig. 14). Based on the additional 157 open system 
major element MCS results (discussed in the next section ‘Open-System Modeling 
Approach and Results’), it is apparent that the ~4 ka set of tephra chosen as the parental 
magma does not accurately represent Na2O and TiO2; every AFC, SFC, and SAFC model 
employing sample svp291-D (PM) as the starting magma composition underestimates the 
observed Na2O and TiO2 values. Because of these observations, the fit of Na2O and TiO2 
models are not addressed until the section ‘Discussion of Models and Their Implications’. 
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The trace element and Sr isotope results for the best-fit FC model of PM are 
shown in Fig. 15, and initial trace element concentrations and Sr isotope ratios can be 
found in Table 4. The initial 87Sr/86Sr ratio was estimated based on the least radiogenic  
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sample in the data compilation (~0.7033) and will not be further addressed because this 
value will not vary in FC models. Initial concentrations of Rb, Sr, Ba, La, and Nd were 
estimated based on the range of values from the ~4 ka tephra sample set (which includes 
svp291-D) analyzed by Kamenetsky et al. (2007). This FC trace element model captures 
the pre-1971 Rb trend exceptionally well, and it also captures the lower limits of La and 
Nd (but not necessarily the pre-1971 values). Additionally, it captures approximately the 
middle of the observed data trends for Ba and Sr. All of these elements with the 
exception of Sr increase in concentration with decreasing MgO. Sr initially behaves 
incompatibly, but changes behavior at an MgO concentration of ~6 wt.%; this inflection 
point is interpreted as the onset of plagioclase crystallization, with Sr thus behaving 
compatibly. 
The mineral phases produced in the fractional crystallization of PM include 
olivine, clinopyroxene, and plagioclase feldspar, with minor spinel and apatite, which is 
in excellent agreement with observed mineral assemblages. The modeled mineral 
compositions of the dominant phases (olivine, clinopyroxene, and plagioclase) are 
reported as histograms (Figs 16 and 17). Modeled forsterite (Fo) and anorthite (An) 
contents are taken from the Rhyolite-MELTS output files, and clinopyroxene Mg# was 
calculated using atomic values taken from the files and the equation Mg# = 
100*MgO/(MgO+FeO). Since the observed whole rock data from lavas erupted over the 
studied time period (1329-2005) are confined to a range of MgO from ~1-8 wt.%, and the 
modeled melt values extend from ~1-16 wt.%, I chose to split the modeled mineral 
compositions into two categories: from ~8-16 and ~1-8 wt.% MgO. Splitting up these 
mineral categories provides insight into the mineralogy of the modeled parent magma  
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(i.e., from ~8-16 wt.% MgO) before it evolves to the lower MgO values of the observed 
whole rock compositions (i.e., from ~1-8 wt.% MgO). A frequency of 1 on the 
histograms corresponds to a modeled mass of 0.1 g of a mineral with the corresponding 
compositional parameter. For example, a frequency of 20 in the bin for Fo 90-94 means 
the model produced 2.0 g of olivine with Fo contents from 90-94. Lastly, the modeled 
mineral compositions are discussed here in terms of percent of the total mass of a mineral 
formed over the interval. 
The modeled mineral compositions of PM that formed over ~8-16 wt.% MgO are 
reported in Fig. 16. The first olivine crystals that fractionated in the model yielded Fo 90 
(12%), which are in excellent agreement with the observed olivine in the tephra sample 
used as PM (sample svp291-D; Fo 90-91). Peak values range from 85-89 Fo (83%), and  
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lesser amounts of olivine were produced with Fo 80-84 (5%). Ninety-three percent of 
clinopyroxene produced over this same model interval yielded peak Mg# values from 80-
84, with 7% extending from Mg# 85-89. These Mg# are slightly lower than those 
observed in sample svp291-D (Mg# 92-96). The fractionation of PM over ~8-16 wt.% 
MgO did not produce plagioclase. 
The modeled mineral compositions of PM that formed over ~1-8 wt.% MgO are 
reported in Fig. 17. Olivine produced in the model over this interval yielded peak values 
of Fo 60-79 (53%), and lesser amounts of olivine with Fo 30-59 (44%) and Fo 80-84 
(3%). Forty-seven percent of clinopyroxene yielded peak values of Mg# 75-79. The 
remaining clinopyroxene produced Mg# 50-74 (45%) and Mg# 80-84 (8%). Lastly, the 
model fractionated plagioclase with peak values at An 80-84 (42%), 57% with An 60-79 
and <1% with An 85-89. In comparison to observed ranges of mineral compositions in 
pre-1971 lavas (Table 8), the modeled mineral compositions are generally in good 
agreement with the maximum Fo (83), Mg# (79), and An values (89). However, the 
lowest Fo and Mg# modeled values fall below the minimum observed values (Fo 51 and 
Mg# 68), and the modeled An contents do not capture the lowest observed values (An 
17). 
Table 8: Range of observed and modeled mineral compositions. 
 Fo content Clinopyroxene Mg# An content 
Observed (pre-1971) 51-831 68-792 17-893 
PM FC (1-8 wt.% MgO) 34-81 40-78 66-85 
Observed (post-1971) 68-834 67-812 41-905 
SAFC (1-8 wt.% MgO) 59-81 59-78 80-85 
1Taken from Kahl et al. (2017) and Viccaro and Cristofolini (2008).  
2Taken from Nelson (2015). 
3Taken from Moses (2010) and Viccaro et al. (2010). 
4Taken from Kahl et al., (2011), Del Carlo and Pompilio (2004), and Viccaro and Cristofolini (2008). 
5Taken from Viccaro et al. (2010) and Del Carlo and Pompilio (2004). 
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Open-System Modeling Approaches and Results 
In the above sections, I have defended my choice of a parental magma 
composition (sample svp291-D, or PM) and documented the best-fit fractional 
crystallization conditions (0.2 GPa, initial H2O of 1.0 wt.%, and QFM as the initial 
oxygen buffer). PM yields most of the pre-1971 observed whole rock trends; to evaluate 
the role that crust-magma interaction has on the geochemistry and petrology of the post-
1971 magmas, I use PM as the parent for the recent lavas. In order to document the 
specific consequences that assimilation and stoping have on the parental magma, a 
variety of AFC-only and SFC-only runs are presented, followed by combined SAFC 
model results. In total, 157 AFC, SFC, and SAFC major element models were completed 
by varying wallrock and stoped block compositions, masses, the temperature of the 
stoped block, the initial temperature of the wallrock, and the magma trigger temperature 
(the magma temperature at which stoping occurs) (Table 6). Subsequently, 70 trace 
element models were performed on a range of major element model results to define the 
best-fit model based on major elements, phase equilibria (i.e., mineral identities and 
compositions), trace elements, and Sr isotopes.  
As illustrated above, fractional crystallization alone is not enough to account for 
the full range of data evidenced in Etnean lavas, particularly for the post-1971 K2O, Rb, 
and 87Sr/86Sr versus MgO. Heterogeneous Sr isotopes require crustal assimilation and/or 
mantle heterogeneity manifested through recharge of heterogeneous melts. Assimilation 
and stoping are well-documented in the literature as effective mechanisms for 
contaminating magmas (e.g., Borisova et al., 2013; Chadwick et al., 2007; Del Moro et 
al., 2001; Erdmann et al., 2010; Furlong and Myers, 1985). Carbonaceous, calc-silicate, 
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aluminosilicate, and composite xenoliths documented in Etnean lavas (e.g., Michaud, 
1995) provide evidence that stoped/assimilated wallrock may play a role in the alkali 
enrichment event. The Capo d’Orlando flysch, a variety of skarn xenolith compositions 
from the Colli Albani (Di Rocco et al., 2012) and Vesuvius (Jolis et al., 2015) volcanic 
districts, and mixtures of the two, were tested as stoping/assimilant components (Tables 3 
and 4). 
Stoping and Fractional Crystallization 
For the 64 SFC models (Table 6), the major variables include the composition, 
mass, and temperature of the stoped component, and the resident magma body 
temperature at which the block is stoped (the magma trigger temperature). In this section, 
I present tests that address model sensitivity to changes in these parameters; flysch 
stoping is addressed first, followed by skarn stoping. Then, I present a summary of the 
results. In all of the following scenarios, the pressure was 0.2 GPa and the oxygen 
fugacity for both magma and wallrock was initially set at QFM. PM with 1.0 wt.% initial 
H2O was used as the starting magma composition, and the magma temperature decrement 
was 5 °C. 
Stoped flysch sensitivity analysis Figs 18 and 19 show three examples of stoped 
Capo d’Orlando flysch (5 g, 10 g, and 20 g). The temperature of each stoped block was 
750 °C, and stoping was triggered at a magma temperature of 1160 °C (where 63% of the 
original magma mass remains as melt, or 63 g remaining of the original 100 g of PM). At 
750 °C, the Capo d’Orlando flysch is composed of approximately 58% crystals (14% 
orthopyroxene, 46% plagioclase, 35% quartz, 3% spinel, and 2% rhombohedral oxide), 
40% liquid, and 2% fluid. The involvement of 20 g of flysch was eliminated  
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immediately. By adding 20 g of flysch to the magma via stoping, MgO was diluted so 
much that the new, re-equilibrated magma’s MgO content was significantly lower, 
missing the majority of the observed data in MgO space. The 20-g block also diluted Ba 
and Sr and increased SiO2 in such in a way that it did not capture any observed data 
points. In all three scenarios, the stoped flysch also increased the 87Sr/86Sr of the 
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contaminated melts, such that it entirely exceeded the observed data range. Furthermore, 
stoped flysch of any mass did not significantly increase the concentrations of K2O or Rb 
in the derivative melts, which is a change observed in post-1971 lavas. Because of the 
severity of misfits for multiple parameters (SiO2, MgO, and 87Sr/86Sr), and that stoped 
flysch yielded no increases in K2O or Rb in the derivative melt, flysch was eliminated as 
a primary stoped component. 
Stoped skarn composition sensitivity analysis Because it is likely that the 
sedimentary basement is compositionally heterogeneous, as evidenced by the wide 
variety of skarn compositions outlined in Table 3, skarn compositional sensitivity tests 
were completed (Fig. 20 and Table 9). Twenty grams of three different skarn 
compositions (skarns 14, 20, and 23; Table 3) that encompass a variety of skarn xenolith 
compositions were stoped. Stoping was triggered at a magma temperature of 1165 °C, 
and the temperatures of skarns 14, 20, and 23 were 1180 °C, 1165 °C, and 1165 °C, 
respectively. The melt + crystal assemblages of the skarns varied from ~80% crystals 
(skarn 23) to nearly 100% crystals (skarn 20). The modal mineral percentages of the total 
crystals are: 71% clinopyroxene, 19% spinel, and 10% melilite for skarn 14, 78% 
clinopyroxene, 18% melilite, 3% olivine, and <1% leucite for skarn 20, and 91% 
clinopyroxene, 6% spinel, 2% olivine, and <1% melilite for skarn 23. 
Variations in the compositions of stoped skarn can greatly alter the composition 
of the contaminated magma body (Fig. 20). In general, the skarns are Ca- and Mg-rich 
relative to the resident magma composition at the instance of stoping (~8 wt. % MgO), 
and their addition resulted in increases in CaO and MgO in the contaminated magma 
melt. Responses of the ~8 wt. % MgO melt with respect to the remaining oxides (MgO  
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Table 9: Summary of sensitivity models with varied stoped skarn compositions1. 
 Skarn 14 Skarn 20 Skarn 23 
Skarn Block Temperature (°C) 1180 1165 1165 
Skarn Melt + Crystal Assemblage 
(%) 
   
Melt 3 <1 20 
Crystals 97 >99 80 
Skarn Mineral Modes (%)    
olivine - 3 2 
clinopyroxene 71 78 91 
spinel 19 - 6 
melilite 10 18 <1 
leucite - <1 - 
Response of Magma Crystallization 
when Crustal Block is Stoped (g) 
   
Olivine - - - 
Clinopyroxene +15.4 +22.8 +16.0 
Response of Magma Melt when 
Crustal Block is Stoped (wt.%) 
   
SiO2 -2.92 +0.41 -1.00 
TiO2 -0.01 -0.10 -0.12 
Al2O3 +2.95 -0.92 +1.69 
Fe2O3 -0.43 -0.52 -0.45 
FeO +0.23 -0.82 -0.58 
MgO -0.06 +0.47 -0.23 
CaO +0.56 +1.13 +0.33 
Na2O -0.16 +0.13 -0.04 
K2O -0.06 +0.07 +0.49 
1See Tables 3 and 4 for major and trace element concentrations and Sr isotope ratios. 
 
versus SiO2, TiO2, Al2O3, FeO*, Na2O, and K2O) depended on the composition of the 
skarn. For example, upon stoping, skarn 23 increased the melt K2O by 0.49 wt.%, 
whereas skarn 14 decreased K2O by 0.06 wt.%, and skarn 14 increased Al2O3 by 2.95 
wt.%, but skarn 20 decreased Al2O3 by 0.92 wt.% (Table 9). All three types of skarn 
enhanced clinopyroxene crystallization in the magma body and temporarily suppressed 
olivine crystallization in the step following stoping. Because it represented a standard 
skarn composition that also yielded the necessary K2O increase observed in post-1971 
samples, skarn 23 was selected for the vast majority of SFC and SAFC runs 
Stoped skarn temperature sensitivity analysis Temperatures of the stoped blocks 
in the 64 SFC scenarios ranged from 750 °C to 1250°C. The temperatures of the stoped 
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blocks were restricted to these values because at lower temperatures, the MCS models 
failed to yield results, even if a solution for the state of the wallrock at that temperature 
could be found with stand-alone Rhyolite-MELTS.  
Two examples of changes in the temperature of the stoped block are illustrated in 
Fig. 21 and summarized in Table 10. In these scenarios, 5 g of skarn 23, with 
temperatures of 1165 °C and 1250 °C, were stoped at the magma trigger temperature of 
1165 °C. Stoped block temperature controls the relative proportions of crystals, melt, ± 
fluid. At 1165 °C, the skarn is composed of approximately 80% crystals (91% 
clinopyroxene, 6% spinel, 2% olivine, and <1% leucite) and 20% melt. At 1250 °C, the 
skarn is composed of 21% crystals (>99% clinopyroxene and <1% olivine), and 79% 
melt (Table 10). These differences in the mineral + melt proportions and phase 
assemblages of the two blocks yielded minor changes in the response of the new 
magmas’ melt compositions. In these examples, the most noticeable effect was on MgO, 
but other minor effects were noted (Fig. 21). The 1250 °C block yielded a more drastic 
increase in MgO of the derivative magma (+0.25 wt.%), whereas the 1165 °C block 
yielded a minor decrease in MgO (-0.06 wt.%). However, after the magma composition 
continues to fractionally crystallize after the stoped block is added, the two scenarios 
evolved similarly. These models demonstrate that variations in the temperature of the 
stoped block can produce distinct changes in the phase assemblage and proportions of the 
blocks, which in turn produces minor effects on the composition of the magma, 
especially in the step following stoping. 
Magma trigger temperature sensitivity analysis Magma trigger temperatures for 
the stoped blocks in the 64 SFC scenarios ranged from 750 °C to 1195 °C. Three  
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Table 10: Summary of melt + crystal assemblages and mineral modes for two stoped blocks with 
different temperatures.1 
Stoped Block Temperature 1165 °C 1250 °C 
Skarn Melt + Crystal Assemblage (%)   
Melt 20 79 
Crystals 80 21 
Skarn Mineral Modes (%)   
olivine 2 <1 
clinopyroxene 91 >99 
spinel 6 - 
leucite <1 - 
1See Fig. 21 for the corresponding major element models and Tables 3 and 4 for skarn compositions. 
 
examples of stoping with varied magma trigger temperatures (1095 °C, 1130 °C, and 
1165 °C) are illustrated in Fig. 22, in which 5 g of 1165 °C skarn 23 were stoped. After 
each stoping event, the most significant difference among the three runs was the range of 
MgO that the derivative melt compositions covered. The first stoped block (triggered at 
1165 °C) resulted in derivative melt compositions with £8.25 wt.% MgO, the second 
(triggered at 1130 °C) resulted in melt compositions with £6.70 wt.% MgO, and the third 
(triggered at 1095 °C) resulted in melt compositions with £5.35 wt.% MgO. These MgO 
differences allowed the run with the block triggered first (1165 °C) to capture a few 
observed data points at MgO between 6.70 and 8.25 wt.% that the other two did not 
capture (e.g., Al2O3 versus MgO). However, at £5.35 wt.% MgO in each derivative melt, 
the melt compositions evolved along the same path, regardless of the magma trigger 
temperature at which the block is stoped. Only TiO2 versus MgO had noticeably different 
concentrations at £5.35 wt.% MgO. 
 Stoped skarn mass sensitivity analysis In the 64 SFC models, stoped masses 
ranged from 5 g to 80 g. The models discussed here are 4 examples (5 g, 10 g, 20 g, 50 g) 
of stoped skarn 23 (Figs 23 and 24 and Table 11). The temperature of the stoped blocks 
was 1165 °C, and stoping was triggered at a magma temperature of 1165 °C (where 63%  
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of the original magma mass remains). With 63 g of magma melt remaining, these tested 
masses ranged from 8% to 79% of the resident melt mass. At 1165 °C, this skarn is 20% 
melt and 80% crystals, which are dominantly clinopyroxene with minor spinel, olivine, 
and leucite (Table 10). Relative to the composition of the resident magma at the 
temperature these skarn blocks were stoped (~8 wt.% modeled MgO), skarn 23 had 
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Fig. 24. Comparison of observed data and model compositions for MgO versus selected trace elements and Sr 
isotopes for models presented in Fig. 23.
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higher Sr isotope ratios and concentrations of Al2O3, CaO, K2O, MgO and all of the 
selected trace elements, and lower concentrations of SiO2, TiO2, FeO*, and Na2O. 
Therefore, upon stoping, the derivative magma melts underwent increases in the former, 
and decreases in the latter geochemical parameters. Larger stoped masses obviously 
yielded more drastic increases or decreases in the affected oxides. For example, upon 
stoping 5 g, 10 g, 20 g, and 50 g of the skarn, the K2O concentration in the resulting melts 
increased by 0.13 wt.%, 0.25 wt.%, 0.49 wt.%, and 1.13 wt.%, respectively (Table 11). 
Similar mass effects were observed on mineral formation in the magmas; for example, 5 
g of stoped skarn resulted in the immediate crystallization of 4.1 g of clinopyroxene,  
whereas 50 g resulted in the immediate crystallization of 39.0 g of clinopyroxene. These 
instances illustrate that both the modeled magma phase assemblages and melt 
compositions are indeed sensitive to the mass of the stoped component in SFC scenarios. 
Stoped skarn induced changes to the derivative melts that are needed in order to 
capture observed post-1971 trends, such as increases in K2O, Rb, and 87Sr/86Sr; yet, there  
is a limit to the amount of stoped skarn mass that can be added to the resident magma 
before the resulting magmas overestimate certain geochemical parameters. For example, 
the largest stoped masses (20 g and 50 g, or 32% and 79% of the magma melt mass at the 
instance of stoping, respectively) yielded models that captured observed data points with 
higher concentrations of Al2O3, CaO, and K2O, and lower concentrations of SiO2 and 
FeO*, that the fractionation of PM or the models with smaller stoped masses did not 
capture (Fig. 23). However, when considered in conjunction with trace elements ± Sr 
isotopes, these larger masses were eliminated. All of the tested masses yielded magmas 
with Sr, La, and Nd concentrations within range of the observed data, but the magma that  
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resulted from 50 g of stoped skarn grossly overestimated Rb, Ba, and 87Sr/86Sr, and was 
thus eliminated. The magma that resulted from 20 g of stoped skarn captured the highest 
87Sr/86Sr values, but it overestimated Rb and Ba concentrations, so it too was eliminated. 
Lastly, 10 g of stoped skarn produced a magma with Rb concentrations and Sr isotopes 
within range of the observed data, but it was eliminated because it overestimated Ba. The 
magma generated via 5 g of stoped skarn was selected as the best-fit model for the stoped 
mass sensitivity test because it captured a range of all the selected major oxides (except 
TiO2 and Na2O), trace elements, and Sr isotopes. 
 Summary of stoping and fractional crystallization sensitivity models In summary, 
it is unlikely that pure flysch was stoped in Etnean lavas; the compositional mismatches 
between modeled and observed data are distinct. Stoped flysch also produced no 
Table 11: Summary of model sensitivity to the mass of the stoped block1. 
Stoped Mass  5 g 10 g 20 g 50 g 
Response of Magma 
Crystal Assemblage upon 
Stoping (g) 
    
Olivine <0.1 0.1 0.4 1.7 
Clinopyroxene 4.1 8.1 16.0 39.0 
Response of Magma Melt 
upon Stoping 
    
SiO2 (wt.%) -0.30 -0.56 -1.00 -1.98 
TiO2 (wt.%) -0.03 -0.06 -0.12 -0.28 
Al2O3 (wt.%) +0.48 +0.92 +1.69 +3.42 
Fe2O3 (wt.%) -0.12 -0.24 -0.46 -0.95 
FeO (wt.%) -0.16 -0.31 -0.58 -1.26 
MgO (wt.%) -0.06 -0.12 -0.23 -0.51 
CaO (wt.%) +0.09 +0.17 +0.33 +0.68 
Na2O (wt.%) -0.01 -0.02 -0.04 -0.10 
K2O (wt.%) +0.13 +0.25 +0.49 +1.13 
Rb (ppm) +9 +17 +33 +74 
Sr (ppm) +5 +10 +19 +39 
Ba (ppm) +98 +193 +375 +862 
La (ppm) +1 +2 +4 +8 
Nd (ppm) +2 +3 +6 +14 
87Sr/86Sr +0.00011 +0.00022 +0.00042 +0.00090 
1See Figs 23 and 24 for corresponding major and trace element modeled trends, and model conditions.  
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increases in Rb and K2O concentrations in the resulting melts, an observed trend in post-
1971 lavas (Figs 18 and 19). Conversely, stoped skarn yielded derivative magmas with 
elevated K2O, Rb, and 87Sr/86Sr. Modeling results with stoped skarns showed that the 
particular geochemical response of the melt is a function of skarn composition (Fig. 20 
and Table 9). Skarn 23 was chosen as the stoped component in the majority of models 
because it generated increased concentrations of K2O in the magma (skarns 14 and 20 did 
not), and it represents an average skarn composition, based on the range of xenolith 
compositions (Table 3). 
Furthermore, the temperature of the stoped block controls the ratio of melt to 
crystals in and mineralogy of the block, which can yield derivative magma melts with 
minor geochemical differences (Fig. 21). The overall evolution of the resulting melts with 
stoped blocks of 1165 °C and 1250 °C were similar, except the derivative melt of the 
1250 °C scenario yielded higher MgO (<0.5 wt.%). Since stoping involves the physical 
fracturing of wallrock, it implies that the wallrock is mostly solid, which makes the 1165 
°C block (80% crystals) a more likely stoped component than the 1250 °C block (21% 
crystals). It is possible that the stoped block temperature is even lower, but 750 °C 
(flysch) and 1165 °C (skarn) were the lowest stoped block temperatures that yielded 
MCS results; stoped blocks with temperatures lower than these resulted in model failures. 
The effects of stoped blocks with lower temperatures need to be addressed with future 
modeling.  
I ultimately chose a magma trigger temperature of 1165 °C in most stoping 
scenarios in order to capture high-MgO data points (£8.25 wt.% MgO) in the observed 
data set. Although the derivative magmas in models with varied magma trigger 
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temperatures all evolved similarly at £5.35 wt.% MgO, delaying stoping to lower 
temperatures (1130 °C and 1095 °C) meant that these models did not capture data points 
with MgO between 5.25 and 8.25 wt.% (Fig. 22). Lastly, sensitivity tests constrained the 
approximate amount of stoped skarn that can be added to the resident magma body, based 
on major oxides, trace elements, and Sr isotopes. Stoped masses >5 g (or >8% of the 
resident magma mass at the instance of stoping) generated models that overestimated 
multiple parameters and as such, these were eliminated (Figs 23 and 24). 
Based on these sensitivity tests, the preferred best-fit SFC model has the 
following parameters: a 5-g block of skarn 23, with a temperature of 1165 °C, triggered 
at a magma temperature of 1165 °C. The proportion of each phase in the modeled magma 
phase assemblage for the best-fit SFC model includes olivine (16.3%), clinopyroxene 
(46.3%), feldspar (32.9%), spinel (4.2%) and apatite (0.3%). This modeled phase 
assemblage (but not the mineral proportions) is in good agreement with observed phase 
assemblages. Mineral proportions are addressed later in ‘Discussion of Models and Their 
Implications.’  
Assimilation and Fractional Crystallization 
For the 61 AFC models (Table 6), the major variables include the mass, initial 
temperature, and composition of the wallrock, as well as the percolation threshold, which 
is represented in MCS as Fmzero (see Bohrson et al., 2014 for discussion). Below, I 
present tests that address model sensitivity to these variables, and then summarize the 
AFC results. 
Wallrock composition sensitivity analysis AFC models were attempted with 
limestone and dolomite as the wallrock composition. However, the current 
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thermodynamic database for carbonate rocks is insufficient to support modeling, and no 
successful AFC models with carbonate wallrocks were produced.  
The rock types that were tested as potential assimilants include the Capo 
d’Orlando flysch and a variety of skarns (Tables 3 and 4). Since the flyschoid units 
structurally overlie the carbonate platform and the basement beneath Mt. Etna is highly 
faulted (Ben-Avraham and Grasso, 1991; Bousquet and Lanzafame, 2004; Dewey et al., 
1989; Lentini et al., 2006), and composite xenoliths are documented at Mt. Etna 
(Michaud, 1995), mixtures of the Capo d’Orlando flysch and a representative skarn 
(skarn 23), in increments of 10%, were also tested (Tables 3 and 4). 
Fig. 25 shows percent melt versus temperature (°C) for skarn 23, the Capo 
d’Orlando flysch, and various mixtures of the two at 0.2 GPa. A pure flysch composition 
has a solidus of ~700 °C. In contrast, skarns are relatively restitic; of the 31 skarn 
xenolith compositions from Di Rocco et al. (2012) and Jolis et al. (2015) that were tested 
in Rhyolite-MELTS, successful models (8 compositions; Table 3) yielded solidi 
temperatures ranging from 1145 °C to 1170 °C. Because the parental magma has a 
liquidus of 1361°C, for typical geothermal gradients, the amount of enthalpy likely 
delivered by its fractionation is unlikely to be enough to produce substantial anatectic 
melt. This idea was confirmed by AFC models with skarn as the wallrock. The magma 
and wallrock consistently reached thermal equilibrium with each other before wallrock 
melts were produced over the range of observed MgO (~1-8 wt.%), and thus pure skarn is 
eliminated as a potential assimilant. However, when just 10% flysch is added to the 
skarn, the solidus lowers by over 200 °C. Consequently, I hypothesize that assimilation  
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of the sedimentary basement must either involve a pure flysch composition or a skarn + 
flysch mixture. 
Skarn + flysch mixtures composed of 80% and 90% skarn behaved similarly to 
pure skarn. These mixtures began to assimilate when the magma melt contained ~10 
wt.% MgO, and these wallrocks and their corresponding resident magmas reached 
thermal equilibrium by the time the magma melt contained ~7 wt.% MgO. Thus, the 
Fig. 25. Rhyolite-MELTS models illustrating the melting behavior of skarn 23, the Capo d’Orlando 
flysch, and mixtures with varying proportions of the two rock types. These runs were performed at a 
pressure of 0.2 GPa, and a magma temperature decrement of 5 °C. Solutions for the liquidus of composi-
tions with ≥20% flysch are not reported because these compositions saturate with volatiles at 0.2 GPa. 
Major oxide compositions of the flysch, skarn, and mixtures are found in Table 3.
percolation threshold (Fmzero)↓
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models with 80% and 90% skarn in the wallrock mixtures ended before the MgO (wt.%) 
of the modeled magma melt was within range of most of the observed data, which extend 
as low as ~2 wt.% MgO (Fig. 7). It is therefore thermodynamically unlikely that skarn + 
flysch mixtures with ³80% skarn, partially melted to produce the geochemical changes 
observed in post-1971 lavas. 
The remaining potential assimilants include the Capo d’Orlando flysch, and skarn 
+ flysch mixtures with 30-90% flysch and 10-70% skarn (Table 3). The initial 
mineralogy of these wallrocks is summarized in Table 12 by their proportions of the total 
phase assemblage. All of these wallrocks initially contain plagioclase, K-feldspar, quartz, 
biotite, and orthopyroxene ± spinel, rhombohedral oxide, clinopyroxene, garnet, olivine, 
and sillimanite. Quartz and plagioclase tend to dominate the mineral assemblages when 
the mixture is ³70% flysch, whereas plagioclase and clinopyroxene tend to dominate 
wallrock compositions when the mixture is £60% flysch. Consistently, the wallrocks’ 
quartz, biotite, and K-feldspar completely melted, and thus their resulting contents were 
added to the anatectic melt before the run was completed (Table 12). The masses of 
plagioclase always decreased, but plagioclase still remained by the end of the run. Where 
garnet (Capo d’Orlando flysch and the 90/10 flysch/skarn mixture) and sillimanite (Capo 
d’Orlando flysch) were present, they tended to melt, as did spinel and rhombohedral 
oxides. Conversely, in the wallrock, clinopyroxene typically increased in abundance and 
orthopyroxene normally formed over the course of the runs.  
Figs 26-29 illustrate major and trace elements of the wallrock partial melts versus 
temperature of the wallrock; the first anatectic melts were produced at ~700-750 °C, and 
the wallrocks continued to melt up to ~1000 °C. The compositions and mineral  
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Table 12: Mineral percentages for the initial wallrock1 phase assemblages and response of minerals to 
wallrock melting. 
Wallrock Bulk 
Composition2 
Capo 
d’Orlando 
flysch 
­/¯3 90/10 ­/¯ 80/20 ­/¯ 70/30 ­/¯ 
plagioclase 25.0 ¯ 35.2 ¯ 36.8 ¯ 34.7 ¯ 
K-feldspar 18.2 ¯ 11.9 ¯ 9.9 ¯ 8.4 ¯ 
quartz 38.2 ¯ 34.6 ¯ 28.9 ¯ 25.1 ¯ 
biotite 4.0 ¯ 8.6 ¯ 8.9 ¯ 10.9 ¯ 
garnet 7.2 ¯ 5.3 ¯ - - - - 
spinel 1.7 ­ 1.7 ¯ 1.5 ¯ 1.2 ¯ 
sillimanite 4.4 ¯ - - - - - - 
rhombohedral oxide 1.2 ¯ 1.1 ¯ 0.1 ¯ 0.0 ­ 
orthopyroxene 0.0 ­ 1.5 ­ 6.5 ­ 3.6 ­ 
clinopyroxene - - 0.0 ­ 7.3 ­ 15.8 ­ 
olivine - - - - - - 0.2 ¯ 
Wallrock Bulk 
Composition2 60/40 ­/¯ 50/50 ­/¯ 40/60 ­/¯ 30/70 
­/
¯ 
plagioclase 30.1 ¯ 32.3 ¯ 30.4 ¯ 28.9 ¯ 
K-feldspar 11.2 ¯ 5.0 ¯ 5.0 ¯ 5.6 ¯ 
quartz 12.1 ¯ 14.8 ¯ 10.5 ¯ 3.8 ¯ 
biotite 4.5 ¯ 11.9 ¯ 11.9 ¯ 9.3 ¯ 
spinel 0.2 ¯ 0.6 ¯ 0.3 ¯ - - 
clinopyroxene 41.9 ­ 33.7 ­ 41.3 ­ 50.2 ­ 
orthopyroxene 0.0 ­ 1.5 ­ 0.4 ­ 2.1 ¯ 
olivine - - - - 0.2 ­ - - 
1Wallrock compositions listed in Table 3. 
2Wallrock mixture proportions are listed flysch/skarn. 
3Arrows indicate if the mass of the wallrock mineral increased (­) or decreased (¯) as wallrock melted 
over the course of the run. 
 
assemblages of the wallrocks were examined in two categories: mixtures with ³70% 
flysch (Figs 26 and 27), in which the initial wallrock mineralogy is dominated by quartz  
and plagioclase, and mixtures with £60% flysch (Figs 28 and 29), in which the initial 
wallrock mineralogy is dominated by clinopyroxene and plagioclase (Table 12). Over the 
course of melting, compared to the initial composition of wallrock, wallrock melts 
displayed increases in TiO2, FeO*, MgO, CaO, and Na2O, and Al2O3 displayed a range of 
behaviors. Wallrock melts of mixtures with ³70% flysch tended to have highly Si-rich 
melts (up to ~75 wt.% SiO2), and wallrock melts of mixtures with £60% flysch tended to 
 
 73 
 
 
1
2
3
4
W
allrock  M
elt  C
aO
 (w
t.%
)12
14
16
18
20
W
al
lro
ck
 M
el
t A
l 2O
3 (
w
t.%
)
0.5
1.0
W
al
lro
ck
 M
el
t T
iO
2 (
w
t.%
)
0.5
1.0
1.5
2.0
2.5
3.0
W
al
lro
ck
 M
el
t F
eO
* 
(w
t.%
)
1
2
3
4
W
allrock M
elt N
a
2 O
 (w
t.%
)
80% FL + 20% SK
70% FL + 30% SK
100% FL
90% FL + 10% SK
Fig. 26. Evolution of major elements in the wallrock partial melts as the wallrock temperatures increase. The wallrocks surpass their 
solidi at ~700-750 °C, and continue melting until ~975 °C, when the wallrock and magma reach thermodynamic equilibrium. These 
wallrocks include the Capo d’Orlando flysch, and flysch + skarn 23 mixtures with ≥70% flysch. See Table 3 for initial wallrock 
major element compositions and Table 10 for the initial mineralogy of the wallrocks. FL, flysch; SK, skarn.
2
4
6
8
10
W
allrock M
elt K
2 O
 (w
t.%
)
700 800 900 1000
60
65
70
75
W
al
lro
ck
 M
el
t S
iO
2 (
w
t.%
)
Wallrock Temperature (ºC) 
700 800 900 1000
Wallrock Temperature (ºC) 
0.5
1.0
1.5
W
allrock  M
elt M
gO
 (w
t.%
)
 74 
 
 
have melts that had lower SiO2 values (~58 wt.%). This is likely the result of the behavior 
of quartz; in each wallrock, quartz was present and melted completely by the end of the 
model runs. The mixtures with ³70% flysch had significantly more quartz than the 
wallrock mixtures with more skarn, which accounts for the Si-rich melts in the former. 
Finally, all wallrocks contained K-rich minerals (K-feldspar and biotite) that melted over 
the course of the runs. However, the melts of the wallrocks with £60% flysch had the  
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Fig. 27. Evolution of trace elements in the wallrock 
partial melts for the same cases as Fig. 26. See 
Table 4 for initial wallrock trace element composi-
tions.
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highest concentrations of K2O, indicating that K behaved more incompatibly relative to 
mixtures with more flysch. This is likely a result of the differences in the phase 
assemblages. The rocks with £60% flysch are dominated by clinopyroxene, which did not 
melt, and plagioclase, which did not melt prolifically; as a consequence, the effects of 
melting K-rich biotite and K-feldspar are maximized. In comparison, the rocks with 
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Fig. 29. Evolution of trace elements in the wallrock 
partial melts for the cases shown in Fig. 28.
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³70% flysch were dominated by quartz, which melted completely, and thus likely diluted 
the compositional effects of other melted minerals. All wallrock melts displayed initially 
high concentrations of La and Nd, owing to their incompatible nature in the melting 
assemblage, with their concentrations decreasing over the course of melting. Rb, Sr, and 
Ba exhibit a range of behaviors in the wallrock melts. In these cases, I interpret the 
melting of biotite and possibly K-feldspar in the wallrocks as the major controls on 
concentrations of Rb, the melting of biotite and K-feldspar as the likely controls on the 
concentrations of Ba, and plagioclase as the likely control on Sr.  
With respect to the fractional crystallization trend of PM, assimilation of the Capo 
d’Orlando flysch, and flysch + skarn mixtures with ³70% flysch induced notable 
increases in wt.% SiO2 and K2O, and decreases in TiO2, FeO*, CaO, and Na2O (Fig. 30). 
The maximum concentrations of wt.% Al2O3 between fractionated PM derivatives and 
the assimilation scenarios are similar but occurred at very different MgO (wt. %); 
assimilation initially decreased Al2O3 compared to the FC case and thus delayed the onset 
of plagioclase crystallization, which is indicated by the inflection in Al2O3 at ~3 wt.% 
MgO for the AFC cases. 
Fig. 30 also shows that these AFC models are not sensitive to the major oxide
composition of the wallrock. The four modeled trends have nearly identical oxide versus 
MgO (wt. %) trends. Because the major oxides are so similar among these AFC 
scenarios, magma body trace elements were also modeled (Fig. 31). Assimilation of pure 
flysch, and flysch + skarn mixtures with ³70% flysch yielded magma compositions with 
increased Rb, La, and Nd concentrations and Sr isotope ratios, and decreased Ba 
concentrations (compared to the FC case). The resulting increases in Rb are in good  
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agreement with observations, as they reach the highest observed Rb concentrations. 
However, the modeled 87Sr/86Sr values in each of these scenarios greatly overestimate the 
observed values. 
The four assimilation scenarios of skarn + flysch mixtures with between 30-60% 
flysch (i.e. £60% flysch) (Fig. 32) show slightly more variation than the assimilant  
Fig. 31. Comparison of observed data and model compositions for MgO versus trace elements and Sr isotopes for the 
same models presented in Fig. 30.
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mixtures discussed above. Assimilation of these mixtures generated a range of increases 
in wt.% SiO2 and K2O, and decreases in TiO2, FeO*, CaO, and Na2O. The 30% flysch + 
70% skarn mixture produced the smallest increase in SiO2 relative to the other mixtures, 
and the slope of its modeled K2O trend is the closest match to observed MgO vs. K2O; its 
slope is shallowest from ~6-4 wt.% MgO and increases more drastically at <4 wt.% MgO 
as the observed concentrations do, whereas the others increase more drastically from ~6-4 
wt.% MgO and begin to level off at <4 wt.% MgO. Trace element and Sr isotope 
calculations were also performed on these models (Fig. 33). Each of these four AFC 
models generated increases in the concentrations of Rb and Nd and in Sr isotope ratios in 
the contaminated melt. All models except for the 50/50 mixture produced increases in Ba 
and La concentrations. The Sr concentration behavior is slightly more complicated. The 
minimum peak Sr concentration is ~1150 ppm, and the maximum is ~1300 ppm. I 
interpret this to be a function of plagioclase saturation; in the models where plagioclase 
saturated in the magma melt at higher magma temperature (e.g., 30% flysch + 70% skarn 
mixture), a lower peak concentration of Sr was reached, whereas in the models where 
plagioclase saturation was delayed (e.g., 50/50 mixture), the highest peak concentrations 
were reached. Although a variety of these mixtures generated the desired increases in  
K2O and Rb concentrations and Sr isotope ratios, the 30% flysch + 70% skarn mixture 
produced the best-fit results for the combination of major oxides, trace elements and Sr 
isotopes. Additional sensitivity tests therefore focus on this mixture as the assimilant.  
Percolation threshold (Fmzero) sensitivity analysis Based on percolation theory 
and experimental studies, MCS Fmzero values between 0.04 and 0.12 are suggested by 
Bohrson et al. (2014). Fig. 34 illustrates two major oxide models with Fmzeros of 0.05  
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and 0.12, in which 5% and 12% of the wallrock must melt before anatectic melts are 
added to the resident magma. These models both assimilated partial melts of the 30% 
flysch + 70% skarn mixture, with initial wallrock masses of 75 g and initial temperatures 
of 200 °C. An Fmzero of 0.12 delayed the onset of assimilation compared to a value of 
0.05, because more anatectic melt must be produced before it was added to the magma  
Fig. 33. Comparison of observed data and model compositions for MgO versus trace elements and Sr isotopes for the 
same cases presented in Fig. 32.
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body. Another notable distinction between the two model runs is between the first and 
second steps where the assimilant was added to the melt. The model where Fmzero = 
0.05 experienced a larger jump in the concentrations of the oxides at the second 
assimilation step, especially for MgO and SiO2, which experienced a ~1 wt.% decrease 
and increase, respectively. This is a function of the amount of anatectic melt added to the 
derivative magma (Fig. 35). When Fmzero = 0.05, ~1.0 g of melt was added in the first 
assimilation step, and ~2.6 g were added in the second step. This is due to the early and 
complete melting of quartz in the wallrock, along with lesser amounts of biotite and K-
feldspar, that occurred in the first two steps of anatectic melt formation that surpassed the 
0.5 percolation threshold. In contrast, when Fmzero = 0.12, ~0.4 g of partial melt were 
added in the first step, and ~0.7 g were added in the second step. This model does not 
record the earlier steps of wallrock melting, where quartz is melting incrementally; 
instead the 0.12 case assimilates melt that has homogenized those earlier, smaller degree 
melting steps. These differences yield distinctions in the geochemistry of the 
contaminated melts. Variations in the percolation threshold therefore influenced both the  
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magma temperature at which assimilation begins and the amount of assimilant added. An 
Fmzero value of 0.05 was chosen for subsequent models because it yielded a higher  
maximum K2O concentration than an Fmzero of 0.12.  
Initial wallrock mass sensitivity analysis The largest control that the mass of the 
wallrock exerts on model results is by delaying (i.e., onset of assimilation at a lower 
magma temperature) or speeding up (i.e., onset of assimilation at a higher magma 
temperature) the onset of assimilation. The three example AFC models with varied 
wallrock masses (40 g, 75 g, and 110 g) involved the assimilation of partial melts from 
the 30% flysch + 70% skarn mixture, with an initial wallrock temperature of 200 °C and 
an Fmzero of 0.05 (Fig. 36). In all three runs, the enthalpy delivered to the wallrock is the 
same in each temperature decrement, but smaller wallrock masses are disproportionately 
affected compared to larger masses. A small wallrock mass of 40 g surpassed its solidus 
temperature at a higher magma temperature than a large wallrock mass of 110 g, because 
there was less mass for the resident magma body to heat up. The smallest wallrock mass 
(40 g) initiated assimilation at too high of a magma temperature, which in turn caused the 
magma and wallrock to reach thermal equilibrium before the full range of observed wt.% 
MgO was reached. Conversely, the largest wallrock mass (110 g) yielded onset of 
assimilation at a magma temperature that is too low (i.e., assimilation was initiated at  
MgO values too low to capture the observed data). This is especially apparent in wt.% 
K2O versus MgO; with a wallrock mass of 110 g, the magma body still undergoes an 
increase in K2O, but the increase occurs at too low of MgO values to capture the 
observed K2O trend. In order to initiate assimilation at an appropriate range of MgO 
values, a wallrock mass of 75 g was preferred.  
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Initial wallrock temperature sensitivity analysis Similar to the mass of the 
wallrock, the initial temperature of the wallrock influenced the onset of assimilation. A 
higher initial wallrock temperature caused the wallrock to surpass its solidus temperature 
at a higher magma temperature than a wallrock with a cooler initial temperature. Fig. 37 
illustrates three AFC models with the 30% flysch + 70% skarn mixture as the wallrock 
composition, starting mass of 75 g, Fmzero of 0.05, and initial wallrock temperatures of 
50 °C, 200 °C, and 350 °C. The 50 °C case delayed assimilation so that the model did not 
capture the observed increase in wt.% K2O; the derivative magma still underwent a 
significant increase in K2O, but the increase occurred at a range of wt.% MgO in the melt 
that was too low. The highest wallrock temperature (350 °C) initiated assimilation at the 
highest wt.% MgO (~9.5 wt.%), and it captured a number of samples enriched in K2O, 
but it increased the SiO2 content of the derivative melt so that it overestimated most 
observed samples. The case with a wallrock temperature of 200 °C produced the overall 
best fit, with an increase in wt.% K2O and only a moderate increase in SiO2.  
Summary of assimilation and fractional crystallization sensitivity models Pure 
skarns and skarn + flysch mixtures with ³80% skarn are unlikely to generate substantial 
partial melts to be assimilated by Etnean lavas due to their high solidi temperatures (Fig. 
25). All remaining wallrock compositions (flysch and flysch/skarn mixtures with 30-90%  
flysch) initially contain quartz, K-feldspar, and biotite, which melted completely over the 
course of the runs and produced anatectic melts rich in SiO2, K2O, and Rb. Assimilation 
of these wallrocks generated derivative magma compositions that capture observed post-
1971 increases in K2O and Rb concentrations and Sr isotope ratios. However, the 
mineralogy of wallrocks with ³70% flysch was typically dominated by quartz, and the  
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resulting magmas greatly overestimated observed SiO2 values. As such, skarn + flysch 
mixtures with 30-60% flysch were preferred. Initial wallrock mass and temperature and 
the percolation threshold control the onset of assimilation. The combination of a wallrock 
temperature of 200 °C, which approximates a geothermal gradient of ~30 °C/km at 6 km 
depth (or 0.2 GPa), and an initial mass of 75 g initiated assimilation at an appropriate 
magma temperature. Changes in the percolation threshold (Fmzero = 0.05 and 0.12) also 
influenced the amount of assimilant added to the resident magma body, depending on the 
way in which the wallrock melts as the wallrock temperature increases. I preferred an 
Fmzero of 0.05 because it yielded a higher maximum K2O content (~4.6 wt.%) than an 
Fmzero of 0.12 (~4.1 wt.%). 
Based on the sensitivity tests outlined above, and additional AFC models not 
shown (Table 6), the following parameters were therefore chosen for further model 
exploration: 75 grams of 30% flysch + 70% skarn mixture at an Fmzero of 0.05 and an 
initial wallrock temperature of 200 °C. 
Stoping, Assimilation, and Fractional Crystallization 
None of the 125 SFC and AFC models sufficiently captured all selected major 
oxides, trace elements, and Sr isotopes of the post-1971 samples (Table 6), but some did 
yield derivative magma compositions with elevated concentrations of K2O and Rb and 
87Sr/86Sr ratios. An obvious possibility to examine is a combination of stoping and 
assimilation. 
Nelson (2015) documents clinopyroxene 87Sr/86Sr values as high as 0.710207 ± 
0.000063; this potentially suggests a xenocrystic origin and can be interpreted as 
evidence for the interaction between skarn-like wallrock and Etnean lavas, as 
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clinopyroxene is a major phase in these skarns. Additional modeling therefore focused on 
simulations that included stoped skarn and skarn + flysch wallrock. The following 
sensitivity tests utilized PM as the starting magma composition, with the same initial 
conditions as the FC scenario (0.2 GPa, initial H2O 1.0 wt.%, initial fO2 of QFM) (Figs 
14 and 15), and a magma temperature decrement of 5 °C. Universal stoping/assimilation 
parameters include: stoped skarn mass of 5 g, Fmzero of 0.05, initial wallrock mass of 75 
g, and initial wallrock temperature of 200 °C. The following sections examine SAFC 
model sensitivity to stoped skarn composition (skarns 14, 20, and 23), and wallrock 
compositions (flysch/skarn mixtures with 30-60% flysch). 
Stoped skarn composition sensitivity analysis I stoped 5 g of skarns 14, 20, and 23 
(Table 3), at temperatures of 1180 °C, 1165 °C, and 1165 °C, respectively. The magma 
trigger temperature was 1165 °C, and the wallrock composition was the 30/70 
flysch/skarn mixture. The stoped blocks are mostly solid, and all are dominated by 
clinopyroxene with varying amounts of melilite ± olivine, spinel, and leucite (Table 9). 
The overall evolution of the contaminated magmas in each of these runs is similar; 
modeled values for CaO, TiO2, FeO*, Na2O, and K2O are comparable. However, the 
varying amounts of SiO2 and Al2O3 in the blocks did produce differences in model 
outcomes (Fig. 38). Skarn 14 has the lowest concentration of SiO2 (~37 wt.%) and the  
SiO2 content of the magma melt is consequently the lowest of the scenarios, whereas 
skarn 20 has the highest concentration of SiO2 (~53 wt.%), leading to the highest 
concentration in the contaminated magma. Similarly, skarns with higher Al2O3 contents 
(skarn 14) produce magma melts with higher Al2O3, and vice versa (skarn 20). Compared 
to observed values, these scenarios are good fits for CaO, Al2O3, FeO, and K2O, with  
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slight overestimates of SiO2 versus MgO. Modeled trace elements show variation, 
especially in Rb and Sr concentrations and 87Sr/86Sr; Ba, La, and Nd concentrations 
among the cases are comparable (Fig. 39). All three models produced elevated Rb 
concentrations and 87Sr/86Sr, but the models with skarns 14 and 20 showed the most 
significant enrichments in these two parameters. The model with skarn 20 as the stoped  
 
stoping initiated
Fig. 39. Comparison of observed data and model compositions for MgO versus selected trace elements and 
Sr isotopes for the same cases as Fig. 38.
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component has the highest Sr concentrations in the melt; as noted above, I interpret this 
to be due to the delayed onset of plagioclase crystallization, which allowed Sr to reach 
higher concentrations in the melt before it was partitioned into plagioclase crystals, as 
indicated by the inflection in Sr at ~4.0 wt.% MgO. The modeled proportions of phases in 
the magmas are similar to each other (Table 13). Like the FC model of PM, they are 
dominated by clinopyroxene and olivine, but these SAFC models contain higher 
proportions of clinopyroxene and lower proportions of plagioclase, which suggests that 
stoping and assimilation of the sedimentary basement enhances clinopyroxene but 
suppresses plagioclase crystallization. Again, the modeled phases are in excellent 
agreement with the pervasive phases in observed lavas, but modeled the proportions of 
minerals differ from those observed. 
 Wallrock composition sensitivity analysis The following models evaluate the 
sensitivity of the contaminated magmas to the ratio of flysch and skarn in the wallrock;  
flysch/skarn mixing ratios of 30/70, 40/60, 50/50, and 60/40 (Table 3) were tested. The 
stoped component was 5 g of skarn 23 at a temperature of 1165 °C, and the magma had a 
Table 13: Summary of phase equilibria consequences for the SAFC stoped skarn composition 
sensitivity test1. 
  Stoped Component 
 PM FC2 Skarn 14 Skarn 20 Skarn 23 
Crystal Phase 
Percentage3 
    
olivine 30.8 30.6 29.4 30.3 
clinopyroxene 48.9 56.1 61.9 58.5 
feldspar 17.9 11.8 7.7 9.8 
spinel 2.3 1.6 1.2 1.4 
apatite 0.2 - - - 
Total Crystal 
Phases (g) 
80.6 73.4 73.1 72.5 
1Model details are outlined in the text and Figs 38 and 39. 
2Phases produced in the PM FC model are reported for comparison. 
3Phases are reported in percentages of the total mass of minerals produced during the run. 
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trigger temperature of 1165 °C. Major element models for these four scenarios display 
very similar trends for CaO and K2O, the most variation in SiO2, and minor variations in 
Al2O3, TiO2, FeO*, and Na2O versus MgO (Fig. 40). In general, the major element 
models are in good agreement with the observed data, save for overestimations of SiO2 
versus MgO. Trace elements and Sr isotopes for these scenarios exhibited more variation 
than their major element counterparts (Fig. 41). The four assimilants yielded higher Rb 
concentrations and 87Sr/86Sr than the FC trends, but to different degrees. Sr 
concentrations varied among the four models, which was likely controlled by the timing  
of plagioclase saturation in the melt as described above. The relative differences between 
the assimilants can be explained by different wallrock melting behaviors (Figs 28 and 
29). In comparison to the observed data, the 30/70 mixture of flysch to skarn generated 
the best-fit model, although all four mixtures yielded the necessary increases in K2O, Rb, 
and Sr isotopes observed in post-1971 lavas, while remaining in general agreement with 
the other geochemical parameters. The phases present in each of these SAFC models are 
in excellent agreement with the ubiquitous observed phases at Mt. Etna. As with the other 
SAFC models described in this section, stoping and assimilation of skarn and flysch 
enhanced clinopyroxene crystallization and suppressed plagioclase crystallization. 
Although the phase assemblage was correct, the mineral proportions in the models  
overestimated clinopyroxene and olivine and underestimated plagioclase (Table 14). In 
the simulation with the 60/40 flysch/skarn mixture, <0.1% of orthopyroxene crystallizes. 
Orthopyroxene is occasionally documented in Etnean lavas as an accessory phase  
(e.g., Clocchiatti et al., 2004; Viccaro et al., 2006). 
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 Summary of stoping, assimilation, and fractional crystallization models The 
models where stoped blocks and wallrock assimilants are incorporated into the magma 
body yielded the desired increases, to different degrees, in K2O and Rb concentrations 
and Sr isotope ratios, while remaining in general agreement with other observed data.  
stoping initiated
Fig. 41. Comparison of observed data and model compositions for MgO versus selected trace elements and 
Sr isotopes for the cases presented in Fig. 40.
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This suggests that a source of the alkali enrichment signature could stem from 
assimilation and stoping of the sedimentary crust.  
 Crustal xenoliths described by Michaud (1995) exhibit heterogeneity in their 
geochemistry and phase assemblages, as do carbonate xenoliths at other Italian volcanoes 
such as Vesuvius (Jolis et al., 2015) and the Colli Albani district (Di Rocco et al., 2012). 
A variety of stoped skarn compositions allows the models to capture heterogeneity in the 
data (e.g., SiO2 and Al2O3 versus MgO) not captured by a single composition alone (Figs 
38 and 39). Further steps to represent a heterogeneous basement in the models included 
testing different assimilants (flysch/skarn mixture ratios of 30/70, 40/60, 50/50, and 
60/40) in SAFC scenarios (Figs 40 and 41).  
 Out of all of the SAFC scenarios, the model with 5 g of stoped skarn 23 and 
assimilation of partial melts from the 30% flysch + 70% skarn mixture produced the best-
fit with respect to the observed major oxide and trace element concentrations and Sr  
 
Table 14: Summary of phase equilibria consequences for the SAFC assimilant composition sensitivity 
test1. 
  Assimilated Component 
 PM FC2 30/70 40/60 50/50 60/40 
Crystal Phase 
Percentage3 
     
olivine 30.8 30.3 29.7 28.1 28.2 
clinopyroxene 48.9 58.5 57.1 59.3 60.9 
feldspar 17.9 9.8 11.7 11.1 9.6 
spinel 2.3 1.4 1.6 1.5 1.4 
apatite 0.2 - - - - 
orthopyroxene - - - - <0.1 
Total Crystal Phases 
(g) 
80.6 72.5 75.7 76.0  
1Model details are outlined in the text and Figs 40 and 41. 
2Phases produced in the PM FC model are reported for comparison. 
3Phases are reported in percentages of the total mass of minerals produced during the run. 
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isotope ratios (Figs 42 and 43). This model bounded the highest values of K2O, Rb, and 
87Sr/86Sr observed in post-1971 lavas. As the overall best-fit model, modeled mineral 
compositions from the magma were also examined (Fig. 44). These include olivine Fo 
and plagioclase An contents, and clinopyroxene Mg#. Presentation of the mineral 
compositions is limited to the minerals formed over the model interval with <8 wt.% 
MgO, because that is the maximum range of observed MgO contents in Etnean lavas 
during this period. The best-fit SAFC model yielded a phase assemblage composed of 
~14% olivine, 60% clinopyroxene, 23% plagioclase, and 3% spinel, in agreement with 
the observed assemblage found in most Etnean lavas. The model generated olivine with 
peak Fo contents ranging from 65-79, as well as minor amounts of olivine with Fo 55-59 
and Fo 80-84. Furthermore, clinopyroxene formed with peak values of Mg# between 70-
84, with minor amounts of clinopyroxene in the Mg# range from 65-69. Lastly, 
plagioclase exhibits a narrow range of An contents with peak values from An 80-85 and a 
small amount with An 75-79. The highest values of Fo, An, and Mg# are generally in 
good agreement with observed mineral compositions, but the lowest modeled values tend 
to fall below the minimum observed values. This misfit is discussed below under 
‘Mineral Compositions.’ 
DISCUSSION OF MODELS AND THEIR IMPLICATIONS 
Evaluation of PM Fractional Crystallization Model 
The selected parental magma composition and its best-fit initial conditions 
(pressure, initial wt.% H2O, and initial fO2), in conjunction with information from the 
literature, provide constraints regarding these conditions of Mt. Etna’s magmatic system. 
In this section, I evaluate the best-fit initial conditions of the parental magma, and discuss  
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the overall fit of the models and possible explanations for misfits between the models and 
observed whole rock data, mineral proportions, and mineral compositions.  
Initial Conditions 
The current version of MCS runs only under isobaric conditions; the majority of 
MCS models during this study were performed at 0.2 GPa. It is well documented in the  
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literature that there are multiple zones of crystallization in the crust beneath Etna (e.g., 
Ubide and Kamber, 2018). Using clinopyroxene thermobarometry, Nelson (2015) 
documents crystallization pressures of 0.0 to 0.7 ± 0.2 GPa, which correlate to depths of 
approximately surface to 21 ± 6 km. The best-fit models of Moses (2010), who employed 
rhyolite-MELTS in polybaric mode, yielded initial pressures of 0.2 GPa with a pressure-
temperature gradient of 0.001 GPa for every 5 °C. These depths and pressures are 
consistent with experimental studies (Trigila et al., 1990) and geobarometric and 
thermodynamic modeling (Armienti et al., 2004, 2007). In agreement with these studies, 
my sensitivity modeling established that a major and perhaps final magma storage zone is 
located at approximately 0.1 to 0.2 GPa (Fig. 12). These recognized crystallization depths 
place at least part of the major crystallization zone in the upper crust within the 
sedimentary basement, which extends from approximately 2-15 km deep (Bousquet and 
Lanzafame, 2004; Corsaro and Pompilio, 2004a; Loddo et al., 1989; Tibaldi and 
Groppelli, 2002; Yellin-Dror et al., 1997). Interaction between the magma’s transport and 
storage system and the sedimentary basement is further supported by sedimentary and 
metamorphic xenoliths recovered from Etnean lavas (e.g., Corsaro et al., 2007; Coulson 
et al., 2011; Lanzafame et al., 2003; Michaud, 1995). 
The best-fit initial H2O content of PM was 1.0 wt.% (Fig. 11). This finding is in 
agreement with the work of Corsaro and Pompilio (2004), who calculated the buoyancies 
of hydrous Etnean magmas relative to the sub-Etnean basement. Based on density 
contrasts, these authors determined that volatile-poor (<1.0 wt.% H2O+CO2) Etnean 
magmas would likely stall at approximately 22 km deep in the crust due to insufficient 
buoyancy relative to the basement rocks. Thus, initial H2O contents of <1.0 wt.% are not 
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realistic. Initial primary magma H2O contents >1.0 wt.% were also eliminated by the 
sensitivity tests, because these higher values delayed the onset of plagioclase 
crystallization (Fig. 11). Observed water contents of Etnean magmas, 1.0 to 3.6 wt.% 
(Corsaro and Pompilio, 2004b; Del Carlo and Pompilio, 2004; Métrich et al., 2004; 
Spilliaert et al., 2006), are larger than the initial H2O determined by modeling. While the 
lower limit is in agreement with findings in this study, the higher contents can be 
explained by H2O acting incompatibly during crystallization. Derivatives of PM with 
MgO of 1-8 wt.% yielded melt H2O contents from 1.6 to 5.0 wt.%. Therefore, a parental 
magma with an initial H2O content of approximately1.0 wt.% is a reasonable starting 
composition based on model results and constraints from the literature. 
While most of the models reflect initial ferric/ferrous iron ratios of QFM, 
variations in this parameter captured different ranges of whole rock FeO* values, which 
suggests the oxygen fugacity of Etnean magmas has varied through time. 
Major Oxides, Trace Elements, and Sr Isotopes 
The primary goal of defining a parental magma is to identify an initial 
composition whose fractional crystallization evolution reproduces the compositional 
trends of lavas from 1329-1971. In particular, fractionation of this parent should yield 
compositions that capture the observed pre-1971 data for the geochemical parameters that 
exhibit distinctions between the pre- and post-1971 lavas (i.e., K2O, Rb, and 87Sr/86Sr). 
The ~4 ka tephra sample svp291-D (PM; Tables 2 and 4) was selected as the starting 
magma composition because it has geochemical and petrographic characteristics akin to a 
primary magma (e.g., high MgO, Cr, and Ni concentrations, olivine with high Fo 
contents, and clinopyroxene with high Mg#), has a low porphyritic index (<10%) so it is 
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not heavily influenced by crystal addition, and it adequately captures a number of pre-
1971 major oxide and trace element trends and isotope values. Fractional crystallization 
trends of PM at 0.2 GPa, with an initial H2O content of 1.0 wt.%, and fO2 of QFM 
successfully capture the observed pre-1971 K2O, Rb, and 87Sr/86Sr trends, reproduce the 
general trends for SiO2, Al2O3, FeO*, CaO, Sr, and Ba, and define the lower limits of La 
and Nd versus MgO.  
However, all model values (including the open-system AFC, SFC, and SAFC 
scenarios) consistently underestimate Na2O and TiO2. Estimated initial concentrations for 
these two oxides that yield FC trends that better reproduce the observed data are 
hypothesized in Fig. 45. By projecting the evolutionary line of the PM FC model upward 
to match the observed data, it is possible to estimate starting Na2O and TiO2 
concentrations. Based on this projection, it appears that the initial concentrations must be  
increased at least 0.3 wt.% for TiO2 and 1.0 wt.% for Na2O. Therefore, instead of 0.84 
wt.% TiO2 and 1.31 wt.% Na2O currently used as the initial concentrations in PM, I  
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hypothesize that a parental magma starting at ~17 wt.% MgO would have ~1.14 wt.% 
TiO2 and 2.31 wt.% Na2O. Similarly, but not as drastically, PM models underestimate La 
and Nd versus MgO. The initial concentrations used for these trace elements are the 
highest values taken from the ~4 ka tephra sample set, and models would be improved 
with slightly higher initial concentrations (<10 ppm increases for both). Thus, I estimate 
that the starting La and Nd concentrations should be approximately 31.3 and 29.2 ppm, 
respectively. These results suggest that the primary melts that are generated in the 1329-
2005 magmas are slightly different composition compared to those from ~4 ka, consistent 
with the suggestion that Etna is sourced by heterogeneous mantle (e.g., Viccaro and 
Cristofolini, 2008; Viccaro and Zuccarello, 2017). 
There is also an inherent limitation when comparing MCS modeled data to 
observed whole rock data. The MCS utilizes batch fractional crystallization, in which 
crystal phases are removed at each temperature step into a cumulate reservoir that 
interacts thermally but not chemically with the resident magma melt. As such, the model 
records the compositional evolution of the melt as the resident magma body cools at an 
incremental temperature step (DT = 5 °C in all models shown). This step-by-step 
compositional evolution of the melt is what is then compared to the observed whole rock 
data, which is a straightforward comparison if the observed data are taken from glass 
compositions or largely aphyric rocks. However, in samples where the porphyritic index 
is greater than ~10%, the chemical effects of crystals need to be evaluated in order to 
assess the model versus observed data fits.  
 For eruptions between 1329-2005 AD, lavas typically exhibit a porphyritic index 
between 10 and 40 vol.% (e.g., Armienti et al., 1994; Corsaro et al., 2009; De Beni et al., 
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2011; Ferlito et al., 2009; Graham et al., unpub; Viccaro and Cristofolini, 2008), and 
rarely >40 vol.% (e.g., Kahl et al., 2017; Viccaro and Cristofolini, 2008). None of the 
models, including the best-fit SAFC model, reach the upper limits of observed Al2O3, 
CaO, and Sr data. To evaluate if the porphyritic nature of the samples can explain the 
misfits in these elements, I calculated a bulk cumulate composition based on the average 
mineral proportions (71% plagioclase, 22% clinopyroxene, 7% olivine) of a subset of 35 
samples (Graham et al., unpub), and major oxide mineral compositions taken from the 
1016 °C temperature step in the PM FC model (Table 15). Mineral trace element  
concentrations were estimated based on the GEOROC mineral compilations. Plagioclase 
trace element concentrations from the GEOROC database were specifically averaged 
from Etnean trachybasalts from 1600-2005 AD, whereas olivine and clinopyroxene trace 
element estimates included an average of all trachybasaltic rocks in the GEOROC  
mineral data compilation due to a lack of available trace element data for Etna-specific 
samples. The Sr isotope value of the cumulate was estimated based on the least 
radiogenic sample in the data collection (Table 1). Figs 46 and 47 illustrate cumulate + 
SAFC melt mixtures where cumulates comprise 10-40% of the mixture. The curved 
nature of the contour lines, especially between ~6-8 wt.% MgO, is due to a break in the 
modeled data from the stoping event. 
The addition of variable crystal assemblages produced predictable effects due to 
the plagioclase-rich nature of the cumulate: increased Al2O3, CaO, and Sr. In order to  
reach the upper limit of Al2O3, CaO, and Sr, the best-fit SAFC scenario required the 
addition of approximately 40% of the defined cumulate for Al2O3 and 30% for CaO. The 
majority of Sr concentrations can be explained by the addition of 40% of the cumulate,  
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with only data three points lying above that contour line. Furthermore, the cumulate 
decreased concentrations of Rb and Ba and 87Sr/86Sr ratios, and additional Rb, Ba, and 
87Sr/86Sr data points were captured with the cumulate addition. 
Major oxide and trace element concentrations and Sr isotope ratios above and 
below the best-fit SAFC MCS model can therefore be explained by the addition of up to 
approximately 40% of a plagioclase-dominated + clinopyroxene + olivine phase 
assemblage. This result is consistent with the upper limit of the modes of these rocks, and  
 
Table 15: Modal abundances, mineral proportions, and mineral compositions used to create a 
representative bulk cumulate. 
 Olivine2 Clinopyroxene2 Plagioclase2 Cumulate3 
Average Modal 
Abundance1 2.3 7.2 22.9 - 
Proportions1 7 22 71 - 
SiO2 37.30 45.60 51.51 44.72 
TiO2 - 2.70 - 0.12 
Al2O3 - 8.42 31.02 22.10 
Fe2O3 - 2.80 - 0.10 
FeO 20.00 6.71 - 11.59 
MnO 0.64 - - 0.28 
MgO 33.70 12.06 - 7.84 
CaO 0.37 21.50 13.57 11.50 
Na2O - 0.26 3.76 1.69 
K2O - - 0.15 0.06 
Rb - 6 16 13 
Sr - 121 2500 1794 
Ba - 322 322 299 
La - 11 7 7 
Nd - 0 3 2 
87Sr/86Sr - - - 0.7033 
1Modal abundances and mineral proportions are reported in percentages and estimated based on 
the average of a subset of 35 samples from Graham et al. (unpub).  
2Major element concentrations are taken from the 1016 °C temperature step in the PM FC model. 
Trace element concentrations are estimated based on the GEOROC mineral compilation database. 
Plagioclase trace elements are specifically taken from Etnean trachybasalts from the GEOROC 
database from 1600-2005 AD; olivine and clinopyroxene trace elements were expanded to all 
trachybasaltic rocks in the GEOROC database due to a lack of available trace element data. 
3Sr isotopes were estimated based on the least radiogenic sample in the data compilation 
outlined in Table 1. 
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strengthens the suggestion that stoping and assimilation are dominant processes in the 
post-1971 magmas.  
Is Assimilation of Carbonate and Flysch a Plausible Explanation for the Alkali 
Enrichment Event in Recent Mt. Etna Lavas? 
Open-System Models: Major Oxides, Trace Elements, and Sr Isotopes 
The primary goal of the MCS stoping and assimilation modeling (SFC, AFC, and 
SAFC) was to constrain the likelihood that interaction between the sedimentary basement 
and Etnean magmas might be responsible for the distinct geochemistry evidenced by the 
post-1971 lavas. Carbonate, skarn and flysch were considered as possible wallrocks, 
consistent with the documented crustal structure beneath Etna (Corsaro and Pompilio, 
2004a; Grasso and Lentini, 1982; Loddo et al., 1989; Pedley and Grasso, 1992; Tibaldi 
and Groppelli, 2002; Yellin-Dror et al., 1997).  
Although direct modeling of magma-carbonate interactions was not successful in 
this study, petrological and experimental studies provide insight into the potential 
outcomes of this process. Various studies suggest a magma contaminated by carbonate 
would undergo increases in 87Sr/86Sr (Borisova et al., 2013; Chadwick et al., 2007; 
Deegan et al., 2010; Del Moro et al., 2001; Di Rocco et al., 2012; Iacono Marziano et al., 
2008; Jolis et al., 2013) and concentrations of CO2 (Borisova et al., 2013; Deegan et al., 
2010; Di Rocco et al., 2012; Heap et al., 2013; Iacono Marziano et al., 2008, 2009; Jolis 
et al., 2013; Mollo et al., 2010), as well as contain Ca-rich melt and/or crystals (Deegan 
et al., 2010; Iacono Marziano et al., 2008; Jolis et al., 2013). But carbonate rocks are 
unlikely to survive extended interaction with magma. The suggestion that skarn may be 
the prevalent form of carbonate is supported by metamorphosed carbonate xenoliths 
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found at Mt. Etna and other volcanoes with carbonate basements worldwide (Di Rocco et 
al., 2012; Iacono Marziano et al., 2007; Jolis et al., 2015; Michaud, 1995), and 
clinopyroxene with highly radiogenic Sr values also provide compelling evidence that 
magma-carbonate interaction has occurred (Nelson, 2015).  
 Partial melts of pure skarn and skarn + flysch mixtures with 80% and 90% skarn 
are unlikely assimilants for thermodynamic reasons. Rhyolite-MELTS models 
established a range of skarn solidi values from 1145 to 1170 °C (Table 3). Assimilation 
and fractional crystallization of the parental magma (liquidus of 1361 °C) and the skarn 
wallrock failed to yield reasonable results for the range of compositions seen in the post-
1971 Etna samples; magma and wallrock consistently reached thermal equilibrium before 
wallrock melts were produced. It is therefore unlikely, based on thermodynamic 
restrictions, that these highly restitic skarns could melt efficiently enough to be 
assimilated and cause the substantial geochemical changes observed in post-1971 lavas. 
 Pure flysch was eliminated as both a stoped and assimilated component. Stoping 
of flysch yielded models that drastically overestimated SiO2 and 87Sr/86Sr, and 
underestimated MgO, La, Nd, and Ba. Stoping also produced no change in the 
concentration of Rb relative to the PM FC model. Assimilation of pure flysch is also very 
unlikely. Only the first magma composition after the first assimilation step was within the 
realm of the observed 87Sr/86Sr, and subsequent AFC steps greatly overestimated 87Sr/86Sr 
and SiO2 concentrations. In all, assimilation of carbonate, skarn, and flysch is unlikely, 
and flysch is eliminated as a stoped component to explain the alkali enrichment event 
observed in post-1971 Etnean lavas.  
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Stoping of skarn is supported by the clinopyroxene data from Nelson (2015), and 
because of the highly faulted nature of the crust beneath Etna (Ben-Avraham and Grasso, 
1991; Bousquet and Lanzafame, 2004; Lentini et al., 2006) and composite xenoliths 
documented in Etnean lavas flows (Michaud, 1995,) mixtures of skarn and flysch may 
form the dominant wallrock for the shallow crustal Etna magma storage zone. Key 
characteristics of the alkali enrichment event are the robust increases in whole rock 
87Sr/86Sr, K, and Rb since 1971. The skarns beneath Etna have radiogenic Sr values akin 
to the seawater at the time of their sedimentary protolith formation in the Cretaceous to 
Jurassic periods. Sr isotope values of skarns in this study were estimated at 0.7072 based 
on the seawater curve of McArthur et al. (2001); stoping therefore raised the modeled Sr 
isotope ratios of the magma. Similarly, amounts of K2O can be up to ~8 wt.% and 
concentrations of Rb can exceed 100 ppm in the skarns (Tables 3 and 4). Because at the 
time of stoping, the fractionated melt of PM has K2O and Rb of ~1.0 wt.% and ~22 ppm, 
respectively, stoping enriched these. Based on trace element limitations (Fig. 24), 
modeling placed general limits on the mass of stoped material; best-fit results yielded 
stoped masses of 8% of the total magma body mass at the time of stoping. This amount of 
skarn, for the various compositions, can be added and the modeled magma melt and still 
maintain the general major oxide and trace element trends observed in Etnean lavas (e.g., 
Figs 38 and 39). Additionally, varied stoped skarn compositions (Figs 20, 38, and 39) 
captured several different observed data points; this demonstrates that some observed 
variability in the data is likely introduced via compositional heterogeneity in the 
carbonate platform.  
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 The temperature of the stoped blocks of skarn was restricted to values generally 
above 1165 °C because of model failures. For skarn 23, which was utilized as the primary 
stoped component, the stoped block is ~80% crystals and ~20% melt at 1165 °C, and 
~21% crystals and ~79% melt at 1250 °C. The colder skarn is more consistent with 
stoping via wallrock fracturing, so a temperature of 1165 °C was preferred. In 
comparison to the heating paths for assimilated mixtures, which generally reached 
thermal equilibrium with the resident magma at approximately 1000 °C, a lower stoped 
block temperature of 1165 °C (while still imperfect) is also more reasonable than a hotter 
temperature of 1250 °C. Additional modeling will address the inconsistency between 
stoped block and ambient wallrock temperatures.  
The assimilation of partial melts generated from skarn + flysch mixtures 
(excluding those with ³80% skarn) yielded magma compositions with elevated K2O and 
Rb concentrations and Sr isotope ratios (e.g., Figs 30-33). The 87Sr/86Sr ratios of these 
mixtures ranged from 0.7127 (flysch/skarn ratio of 30/70) to 0.71776 (Capo d’Orlando 
flysch) (Table 4), and therefore, assimilation raised the Sr isotope values of the melt as it 
progressed. Furthermore, partial melts of these rocks were high in Rb (up to ~800 ppm) 
and K2O (up to ~12 wt.%) (Figs 26-29), which caused significant increases in the Rb and 
K2O concentrations in the corresponding magma melts. I interpret the high concentrations 
of K2O and Rb in the partial melts to be the result of the mineralogy of these wallrocks. 
The skarn + flysch mixtures all contain K-feldspar and biotite, which are rich in K and 
Rb. As the magma delivered enthalpy to the wallrocks and the wallrock temperatures 
increased, these minerals melted completely over the course of the model runs (Table 
12). Therefore, the partial melts of skarn + flysch wallrocks are rich in K, Rb, and have 
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relatively radiogenic Sr, and via their assimilation, the resident magma body undergoes 
enrichments in these elements and Sr isotopes. The results of this process coincides well 
with the post-1971 trends observed at Mt. Etna.  
Based on the best-fit open-system model, crust-magma interaction beneath Etna 
likely involved stoping of skarn and assimilation of skarn + flysch partial melts (Figs 42 
and 43). Best-fits results yielded mass balance estimates that indicate the crustal 
contribution could be as high as ~20% of the initial magma body mass (e.g., 5 g of skarn 
23 were stoped and 12 g of partial melts from the 30% flysch + 70% skarn mixture were 
assimilated).  
However, reference to Figs 42 and 43 shows that this model does not capture the 
entire post-1971 data set for any element or oxide. The most likely explanation is that the 
sedimentary substrata beneath Etna are heterogeneous, and consistent with this 
suggestion, sensitivity models demonstrated that different skarn compositions yielded 
different model outcomes. The skarn utilized in the flysch + skarn wallrock combinations 
was skarn 23 (Table 3), which was selected as an average skarn from the data set 
documented in Di Rocco et al. (2012) and Jolis et al. (2013). Many of the eliminated 
skarn xenolith compositions had comparatively lower SiO2 values (~7-34 wt.%). Mixing 
a lower SiO2 skarn composition with the Capo d’Orlando flysch (SiO2 = 69.7 wt.%) 
would reduce the amount of SiO2 in the wallrock, while retaining the necessary elevated 
K2O that the skarns provide. Such heterogeneity could explain the lower SiO2 samples in 
the post-1971 data set, as well as correct the overestimation of SiO2 that results from the 
assimilation of partial melts from flysch-dominated wallrock mixtures. 
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Similarly, wallrock mixtures dominated by the Capo d’Orlando flysch tended to 
overestimate Sr isotope values. The estimated 87Sr/86Sr ratio of the skarns used in this 
study (0.7072) is taken from the Sr isotope seawater curve of MacArthur et al. (2001) and 
represents a mid-range seawater value for the Cretaceous period (the period in which 
most of the carbonates in the Hyblean Plateau formed). However, some of the carbonate 
rocks of the Hyblean Plateau may have formed as far back as the Jurassic, where Sr 
isotope seawater values reached as low as ~0.7068. Invoking variable 87Sr/86Sr to reflect 
the heterogeneity of the seawater curve over the time periods in which the carbonate 
protoliths were deposited may explain the mismatch between the modeled and observed 
Sr isotope data.  
Proportions of Mineral Phases 
During a model run, the MCS records the mass of each mineral phase formed at 
every temperature step (DT = 5 °C in this study), making it possible to examine which 
phases dominate the model run. The observed lavas from 1329-2005 have MgO contents 
from ~1-8 wt.%, so the modeled proportions of minerals were examined over the same 
MgO interval. The proportions of each mineral phase relative to the total mass of 
minerals formed in the PM FC and best-fit SAFC models are compared to observed 
mineral modes (Fig. 48). The observed mineral proportions are taken from a subset of 35 
samples over the time period from 1329-1991 (Graham et al., unpub). The average 
observed phase assemblage is overwhelmingly dominated by plagioclase feldspar (65%), 
followed by clinopyroxene (21%), olivine (7%), and oxides (2%). In contrast, both 
modeled scenarios are dominated by clinopyroxene (up to 60%), followed by plagioclase, 
olivine, and oxides. 
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Fig. 48. Modeled and observed mineral proportions. Observed mineral proportions are taken from a subset 
of 35 samples ranging in eruption year from 1329-1991 (Graham et al. unpub). 
 
The discrepancy between observed and modeled proportions of phases might 
reasonably be explained by differential physical separation in the magma body. Crystals 
in MCS are sequestered in a separate cumulate reservoir, but continue to interact 
thermally with magma melt. However, perfect separation of all crystals represents an 
end-member model that may not reflect the physical processes that occur in magma 
bodies. Crystals may remain in the magma body but become chemically isolated; the 
phase equilibria consequences for modeling would be the same as fractionation into a 
separate reservoir but the relative proportions of crystals may be affected by differential  
settling, which in turn is influenced by density. The average modeled mineral and melt 
densities are reported in Table 16. The mineral and melt densities are quite similar for the 
PM FC and best-fit SAFC models, and show the same general patterns. The oxides are 
the densest (4.55-4.61 g/cm3), followed by olivine (3.38 g/cm3), clinopyroxene (3.28-3.35 
g/cm3), plagioclase (2.68-2.69 g/cm3), and the melt (2.55-2.57 g/cm3). It is possible, then, 
that the reason for the inconsistencies between modeled and observed data involves 
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differential rates of crystals settling that would yield observed modes that are not the 
same as those that are modeled. The oxides, olivine, and clinopyroxene are 0.73 to 2.04 
g/cm3 denser than the melt, which would potentially cause these crystals to separate 
efficiently. The modeled plagioclase densities are only up to 0.14 g/cm3 denser than the 
melts, making them slightly less buoyant than the magma. Therefore, density differences 
and differential crystal-melt separation may account for the incongruities between the 
modeled and observed mineral phase proportions. 
Table 16: Modeled mineral and melt densities (reported in g/cm3) for PM and the best-fit SAFC 
models. 
 Olivine Clinopyroxene Feldspar Oxides Melt 
PM1 3.38 3.35 2.68 4.61 2.57 
SAFC  3.38 3.28 2.69 4.55 2.55 
Mineral and melt densities reported here are average over the course of the model runs. 
 
Mineral Compositions 
The mineral phases produced in the fractional crystallization model of PM include 
olivine, clinopyroxene, plagioclase, and minor spinel and apatite, and the phases 
produced in the best-fit SAFC model run are olivine, clinopyroxene, plagioclase, and 
minor spinel. These phase assemblages are in excellent agreement with those observed in 
Etnean lavas (e.g., Armienti et al., 1989; Corsaro and Miraglia, 2014; Corsaro and 
Pompilio, 2004b; Graham et al., unpub.; Kahl et al., 2017). The ranges of modeled 
olivine, clinopyroxene, and plagioclase (the dominant phases) for these two scenarios are 
reported in Table 8 and Figs 17 and 44. These modeled mineral compositions are taken 
from the interval of the models with ~1-8 wt.% MgO. Modeled forsterite (Fo) and 
anorthite (An) contents are taken from the Rhyolite-MELTS and MCS output files, and 
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clinopyroxene Mg# was calculated using atomic values from the output files and the 
equation Mg# = 100*MgO/(MgO+FeO). 
The highest values produced in both models are olivine with Fo 81-85 and 
clinopyroxene with Mg# 81-85. This is an expected outcome since both models begin 
with the same parental magma composition. The major difference between the PM and 
SAFC olivine and clinopyroxene compositions is that the FC model produced minerals 
that extend to lower Fo contents (30-34) and Mg# (50-54) than the SAFC model, whose 
lowest Fo contents range from 55-59 and lowest Mg# are 65-69. Similarly, the peak 
values of both models’ plagioclase compositions range from An 80-84, but the FC model 
produces plagioclase with An as low as 65-69, and the SAFC models lowest An contents 
are 75-79. I interpret these differences in modeled mineral compositions between the 
best-fit FC and SAFC models to be a function of skarn addition. Skarn tends to be Ca- 
and Mg-rich; skarn 23 used as the stoped component in this SAFC model is composed of 
21.11 wt.% CaO and 13.55 wt.% MgO (Table 3). Therefore, when the skarn is added to 
the parental magma, it results in a melt composition with elevated CaO and MgO, which 
stabilizes minerals with higher Fo and An contents and Mg#. This addition also explains 
the narrower range of compositions in the SAFC model, compared to the FC model. 
 Table 8 also includes a range of observed mineral compositions in pre- and post-
1971 lavas, taken from a variety of sources (Del Carlo and Pompilio, 2004; Kahl et al., 
2011, 2017; Moses, 2010; Nelson, 2015; Viccaro et al., 2010; Viccaro and Cristofolini, 
2008). As anticipated, these complex crystal populations exhibit a range of compositions: 
the ranges of pre- and post-1971 clinopyroxene Mg# values are similar (68-79 versus 67-
81, respectively); the highest plagioclase An contents for both time periods are similar 
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(An 89-90), but pre-1971 plagioclase exhibit rims with as low as An 17, and post-1971 
plagioclase display minimum values of an An 41; and the highest Fo contents from both 
periods are 83, but the lowest values differ from 51 in pre-1971 lavas to 68 in post-1971 
lavas. Based on these data, there is an increase in the minimum Fo and An contents 
recorded from pre- to post-1971 crystal populations.   
Observed pre-1971 mineral compositions are compared to PM, and observed 
post-1971 compositions are compared to the best-fit SAFC model. The modeled values in 
both cases are generally in excellent agreement with the highest observed values of An, 
Fo, and Mg#; however, there are differences between the minimum modeled and 
observed values. In all cases, modeled values for Fo and Mg# extend to lower values than 
their observed counterparts, and modeled An contents do not capture the minimum 
observed An contents (Table 8). A variety of explanations for these variable An contents 
are invoked, mainly due to variations in the conditions of in situ crystal growth such as 
perturbations in the magma composition due to magma recharge, magma convection, or 
changes in pressure (ascent through the magma transport system), H2O content (recharge 
of a volatile-rich magma or a decrease in volatiles due to degassing), and fO2 (Viccaro et 
al., 2010). For example, Viccaro et al. (2010) explained the low An contents found in 
some rims (as low as An 17) to be the result of H2O loss via degassing of the system, 
favoring the formation of more sodic compositions (degassing is not a process not 
captured by the MCS). Furthermore, Fo contents as low as 34 are modeled in the PM FC 
model, whereas the lowest observed values in pre-1971 olivine are Fo 51. However, the 
mass of modeled olivine generated with Fo 34-50 comprises 24% of the total, compared 
with modeled Fo contents that overlap with observed values (76%). Additionally, olivine 
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compositions with Fo <50 are fayalitic, making them denser and more likely to sink than 
forsteritic olivine, which is a possible explanation for why these are not sampled in 
Etnean lavas. The best-fit SAFC model similarly reached a lower minimum Fo content 
(59) than the minimum post-1971 observed Fo content (68), but the majority of modeled 
olivine yielded Fo 68-81, which shows good overlap with the observed values. Lastly, 
Mg# for modeled clinopyroxene in PM (Mg# 40-78) and the best-fit SAFC model (Mg# 
59-78) yielded lower minimum values than both pre- (Mg# 68-79) and post-1971 (Mg# 
67-81) observed values. The mass of PM FC’s clinopyroxene with Mg# below pre-1971 
observed values comprise only 17% of the total compared to those that overlap with 
observed values, and the mass of the best-fit SAFC’s clinopyroxene with Mg# below 
post-1971 values only compose 11% of the total composed to those that overlap with 
observed values. This potentially suggests that these clinopyroxene have a lower 
probability of being sampled than their more abundant counterparts. 
In summary, there are distinctions between the pre- and post-1971 olivine and 
plagioclase compositions that may be explained, at least in part, by the addition of skarn 
to parental magma derivatives, which results in an increase of the minimum Fo and An 
contents, since skarns tend to be Mg- and Ca-rich. However, increases in the Mg and Ca 
contents of a magma could also be induced by recharge of a more mafic magma followed 
by magma mixing. While the comparison presented above between pre- and post-1971 
observed compositions can not necessarily unravel whether recharge or 
stoping/assimilation is the cause of the pre- versus post-1971 mineral differences, a 
detailed assessment of crystal zoning and a microscale study of Sr isotopes (for example) 
in plagioclase would help to further illuminate the open-system history recorded by these 
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crystal populations. Comparisons between the pre-1971 and PM FC mineral assemblage 
compositions illustrates that there is substantial overlap; there are discrepancies, 
particularly among the more evolved mineral compositions but the above analysis shows 
that the probability of sampling many of these more evolved crystals is likely to be low. 
Similarly, good overlap exists between mineral compositions in the post-1971 lavas and 
the SAFC model, with discrepancies also potentially explained by sampling probability.  
Is Magma Mixing a Plausible Source for the Alkali Enrichment? 
The models presented above provide strong support for stoping and assimilation 
of partial melts of skarn and flysch; significant agreement is shown between model and 
observed whole-rock data (including accounting for the porphyritic nature of the Etna 
rocks), mineral identities, compositions and potentially proportions. The question that 
then emerges from this analysis is: is this the only possible explanation? Many 
publications advocate for a changing mantle signature and magma mixing as the primary 
source of the post-1971 alkali enrichment event, namely via resident magmas mixing 
with newly intruded magmas originating from either a source that has been melted to 
different degrees and/or that has been metasomatized by subduction-related fluids (e.g., 
Barbieri et al., 1993; Clocchiatti et al., 1998; Martelli et al., 2008; Schiano et al., 2001; 
Tanguy et al., 1997; Tonarini et al., 2001; Viccaro and Cristofolini, 2008; Viccaro and 
Zuccarello, 2017). Tonarini et al. (2001), and a similar study by Armienti et al. (2007), 
specifically ascribe the post-1971 enrichment trend to the introduction of three distinct 
magma types, whose chemistries are consistent with mixing between the mantle source 
and an increasing amount of fluid mobile element-rich subduction-related fluids from the 
nearby Ionian slab. The mixing hypothesis can be examined in a first-order way by 
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characterizing end-member magmas that could explain the post-1971 data. In order to test 
this hypothesis, I used the FC trend of PM as one end-member, because this trend largely 
captures the observed pre-1971 trends of K2O, Rb, and 87Sr/86Sr. A second end-member 
(TM, Table 17) was then estimated, that, via fractionation, would explain the upper limits 
of the post-1971 K2O, Rb, and 87Sr/86Sr, and generally agree with observed values for the 
remaining major oxides and trace elements. The fractionation of TM captures the upper 
limits of SiO2 and Na2O, the middle ranges of Al2O3, TiO2, and the lower ranges of CaO 
and FeO* (with minor exceptions) (Fig. 49). It captures all but the highest observed 
values of K2O, which plot between ~1-4 wt.% MgO. TM defines the upper limits of the  
observed trace element concentrations and Sr isotope values (Fig. 50). Most importantly, 
the fractionation trends of PM and TM bracket the lower and upper data limits of 
observed K2O (except for the K-rich samples that plot between ~1-4 wt.% MgO), Rb 
(except for a small number of samples with lower Rb concentrations), and 87Sr/86Sr, such  
Table 17: The major oxide, trace element, and Sr isotope composition of a theoretical end-member 
magma (TM) used in MCS models that could be responsible for mixing with pre-1971 lavas, represented 
by PM (also shown for comparison). 
 TM  PM 
SiO2 47.44 47.07 
TiO2 1.19 0.84 
Al2O3 10.87 9.98 
Fe2O3 1.35 1.48 
FeO 6.69 8.01 
MgO 16.80 0.17 
CaO 10.87 12.21 
Na2O 2.37 1.31 
K2O 1.24 0.61 
H2O 0.99 1.00 
CO2 0.20 0.20 
Rb 31 14.5 
Sr 750 506 
Ba 425 240 
La 40 23.3 
Nd 35 20.2 
87Sr/86Sr 0.7038 0.7033 
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Fig. 49. Comparison of observed data and three FC 
models for MgO versus selected oxides. These models 
were all run under the same initial conditions: 0.2 GPa, 
initial ferric/ferrous oxide ratios representative of the 
oxygen buffer QFM, and initial H2O contents of 1.0 wt.%. 
The models begin at the magmas’ liquidus temperatures. 
Each symbol represents a temperature decrement of 5 ºC. 
The models include PM (black), sample 02-e (orange; 
Table 2), and a theoretical magma composition that is used 
to represent an island-arc basalt (TM; blue). For 
comparison, compositional data taken from the GEOROC 
island arc data compilation for the Aleutian, Lesser 
Antilles, and Mariana arcs are shown.
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that binary mixing of these two fractionating magmas would result in the range of most 
of the observed data. 
 If this mixing hypothesis is tenable, then the compositions of the parent magma 
TM and its derivatives should have counterparts among island-arc basalts. Figs. 49 and 
50 show data from the GEOROC island arc database of the Aleutian, Lesser Antilles, and 
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Mariana arcs. The major element fractional crystallization model trends indicate that TM 
is a fairly reasonable composition for an arc-like parental magma (i.e., the fractional 
crystallization line falls along observed island arc basalt samples). However, that is not 
the case for K2O, most of the trace elements, and 87Sr/86Sr. At the high-MgO end of the 
trend, few island arc samples exhibit the K2O concentrations required to yield the TM 
fractionation trend; the vast majority of data points plot not only below TM and its 
derivatives, but also below PM and its fractionates. For Rb versus MgO, there are only 
three island arc basalt data points out of the hundreds of plotted data that fall above the 
TM FC line, and they are at relatively low MgO values (~3-7 wt.%). Similar to K2O, 
most Rb values for the island arc basalts plot below the PM FC line. Sr isotope values 
exhibit slightly more scatter, but the general trend remains the same. There is an absence 
of island arc basalts with 87Sr/86Sr > 0.7038 at high MgO values. 
In summary, this exercise provides insight into the type of end-member magma 
that would be necessary to reproduce the observed Etnean data trends through simple 
binary mixing between pre-1971 magmas and an arc-like, post-1971 magma. Since the 
fractional crystallization evolution of TM represents the minimum concentrations that a 
magma along the line would need in order to produce the post-1971 K2O and Rb 
concentrations and Sr isotope trends, and there is a lack of island arc basalt data points 
that fall above or along the line, it seems unlikely that mixing between Etnean magmas 
and an island-arc source is the only or perhaps even the dominant mechanism controlling 
the enrichment event. 
 While the above reconstruction suggests that magma mixing alone is not likely 
responsible for the alkali-enrichment event, abundant evidence indicates that magma 
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mixing has been an important process during the last ~700 years. There is ample 
evidence of more mafic lavas recharging and mixing with resident magma bodies (e.g., 
Nelson, 2015; Ubide and Kamber, 2018; Viccaro et al., 2006, 2010). Mt. Etna has been 
highly active for decades, with recent volcanic activity increasing in volume and 
frequency (Branca and Del Carlo, 2004, 2005), which would imply the replenishment of 
magma chambers from deeper reservoirs and the mantle. Ubide and Kamber (2018) 
record Cr zoning in clinopyroxene as evidence for punctuated episodes of magma mixing 
and recharge with a primitive magma at depth. Viccaro et al. (2006) invoked magma 
mixing with an inferred deep basic end-member to explain the range of compositions 
recorded in the 2001 Mt. Etna eruption, an idea later supplemented by variable Hf 
isotopes (Viccaro et al., 2011). Furthermore, Viccaro et al. (2010) demonstrated that 
magma mixing can explain various textures observed in pre- and post-1971 plagioclase.  
In order to further assess the potential role that recharge and magma mixing play 
in the post-1971 enrichment event, I revisited a sample rejected as a pre-1971 parental 
magma: sample 02-e (Table 2). This sample was rejected because it was too enriched in 
K2O to capture the observed pre-1971 K2O concentrations. In fact, its fractionation trend 
skims the upper limit of K2O, except for the especially K-enriched samples between 1-4 
wt.% MgO (Fig. 49). It effectively captures many of the remaining major oxide values. 
Because this sample is in good agreement with the observed data and yields elevated K2O 
concentrations, I also performed trace element fractional crystallization calculations (Figs 
49 and 50). Overall, sample 02-e captured the upper limits of observed Sr, Ba, La, and 
Nd concentrations. It also bounds the upper limit of Rb concentrations; this suggests that 
some of the elevated Rb concentrations may stem from magma recharge and mixing. 
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However, the Sr isotope value of 0.70358 is not high enough to capture observed samples 
that are the most enriched in radiogenic Sr, and the modeled K2O values are unable to 
capture the highest observed K2O concentrations; these misfits imply an additional 
process. Also, a complication for this sample is its MgO content is ~8 wt. %, and 
depending the stoping and assimilation history, it may have already experienced SAFC. 
Thus, its use as a representative, mantle-derived parent magma may not be appropriate.  
Summary: A Model for the Alkali Enrichment Event at Mt. Etna 
Together, PM FC and the best-fit SAFC models effectively bracket the observed 
pre- and post-1971 whole rock data. This holds especially true for K2O, Rb, and 87Sr/86Sr, 
where PM defines the lower limit of concentrations (i.e., pre-1971 data) and the SAFC 
model defines the upper limit of concentrations (i.e., post-1971 data). In this section, I 
discuss a model for the Etnean magmatic storage and transport system based on these 
models coupled with information gleaned from the literature.  
 A variety of studies have identified evidence of Mt. Etna’s magma storage and 
transport system in the mid- to upper-crust (Armienti et al., 2004, 2007; Bonforte et al., 
2008; Chiarabba et al., 2000, 2004; Moses, 2010; Murru et al., 1999; Nelson, 2015; 
Trigila et al., 1990; Ubide and Kamber, 2018). This study identifies a major zone of 
magma storage at 6 km depth (0.2 GPa), which is perhaps the final location of magma 
storage. These studies place the upper crustal portion of Mt. Etna’s magmatic transport 
and storage system within the sedimentary basement (flysch and carbonate/skarn). 
Further evidence for the direct interaction between the sedimentary basement and Etnean 
magmas is recorded by sedimentary xenoliths, which are generally sampled during 
turbulent ascent of magma (Michaud et al., 1988). Michaud (1995) carried out a 
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systematic mineralogical and geochemical study on xenoliths and their host magmas 
from the 1892, 1986, and 1989 Etnean lavas. The xenoliths are categorized into siliceous, 
peraluminous, carbonate, and composite types, reflecting the highly heterogeneous nature 
of the sedimentary basement, and show evidence of morphological, structural, 
mineralogical, and geochemical alterations, which were likely induced by thermal and 
chemical exchanges with the host magma. Michaud (1995) also recognized early and 
strong mobility of K, Rb, and Cs from the xenolith toward its corresponding anatectic 
melt and enclosing lava, which identifies these crustal rocks as a potential source of alkali 
elements. 
The location of the storage and transport system, along with evidence from 
sedimentary-metamorphic xenoliths documented at Mt. Etna (e.g., Michaud, 1995), 
indicate that Etnean magmas are indeed in direct contact and interact physically and 
chemically with the flysch and carbonate/skarn substrata. The complex nature of the 
present storage and transport system as a plexus of dikes and sills (Andronico et al., 
2005; Armienti et al., 2004; Chiarabba et al., 2004; Corsaro et al., 2007; Corsaro and 
Pompilio, 2004c; Trigila et al., 1990) creates even larger areas of contact (compared to a 
single, large magma chamber) between the magma and wallrock to supply these thermal 
and chemical exchanges (Michaud, 1995).  
1329-1971 AD 
Based on the best-fit FC model of PM, I suggest that the geochemical signature of 
lavas in the pre-1971 magma transport and storage system was dominated by the supply 
of a magma similar to the ~4 ka tephra, a composition that Kamenetsky et al. (2007) also 
postulates to be the type of magma supplying the more recent eruptions. The major oxide 
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(except Na2O and TiO2), trace element, and Sr isotope characteristics of lavas emitted 
during the period from 1329-1971 can generally be replicated by fractional crystallization 
of a parental magma that is a high-Mg (12-17 wt.% MgO) basalt to picrite composition 
(PM; Table 2) with an initial H2O content of 1.0 wt.% at a pressure of 0.2 GPa. The early 
fractionation of olivine and clinopyroxene in MCS models drives the basaltic magma to 
trachybasalt and basaltic-trachyandesite compositions, which are the dominant rock types 
during this period. This magma rose through the crust and was eventually stored in the 
upper crust, at ~6 km depth (Fig 51). The magma bodies in the complex storage and 
transport system were delivering enthalpy to the surrounding wallrock. During this time 
period, interactions between the magma and sedimentary crust were dominated by 
thermal exchange but assimilation and stoping were not dominant processes.  
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Clinopyroxene, a common phase in skarns (including those modeled in this study), were 
identified with high 87Sr/86Sr in the eruptions of 1886 and 2004, which suggest magmatic 
skarn had formed over the studied period (Nelson, 2015). Furthermore, pre-1971 Sr 
isotopes display minor variations (~0.7033-0.7035) (Fig. 8), which can be indicative of 
isotopic heterogeneity introduced by recharge/magma mixing.  
1971-2005 AD 
Conversely, crustal assimilation was a dominant process recorded in post-1971 
lavas (Fig. 52). The major and trace element, and isotopic characteristics of lavas emitted 
during the period from 1971-2005 can be generally replicated via the assimilation and 
stoping of the sedimentary basement by a parental magma similar to that which fed the 
pre-1971 magma system. Upper crustal skarn and flysch contain elevated abundances of  
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alkali elements (K, Rb, Cs) and radiogenic Sr (Del Moro et al., 2001; Di Rocco et al., 
2012; McArthur et al., 2001; Mikes et al., 2006), and thermal and chemical interactions 
between the wallrock and Etnean magmas have the demonstrated potential (Michaud, 
1995) to exchange these alkali elements via anatectic melts or fluid phases (Clocchiatti et 
al., 1988). 
By 1971, the wallrock was thermally primed to undergo partial melting sufficient 
to generate the observed geochemical signatures via their assimilation into the resident 
magmas. During this time, recharge magmas of variable compositions mixing with 
resident magmas also may supply some of the heterogeneity in the observed Etnean lavas 
(Ubide and Kamber, 2018; Viccaro et al., 2006, 2010; Viccaro and Cristofolini, 2008; 
Viccaro and Zuccarello, 2017). Magma recharge can also enhance crustal assimilation by 
supplying additional heat to the surrounding wallrock. Nelson (2015) recorded post-1971 
sample rims that are more enriched in radiogenic Sr than their cores, implying that the 
alkali enrichment event is a late-stage process, and proposed that an increase in the rates 
of magma recharge can enhance the carbonate assimilation process as well. This idea is 
also supported by experimental studies, such as Iacono Marziano et al. (2008), that 
demonstrated limestone assimilation can be induced by interaction with a hot, mafic melt. 
Based on the results of hundreds of MCS models that evaluate whole rock major 
oxides, trace elements and Sr isotopes, and mineral assemblage identity, composition, 
and abundance, late-stage crustal contamination by heterogeneous mixtures of skarn and 
flysch contributes to the mass balance of the enrichment in alkali elements and radiogenic 
Sr, in conjunction with geochemical variations introduced by a heterogeneous mantle via 
recharge/magma mixing. Crustal heterogeneity is indirectly supported by the modeling 
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results, which even in the case of the best-fit model, do not capture all of the observed 
whole rock and mineral data. The suggestion that the magma storage system is a plexus 
of dikes and sills is also supported by the variability of the observed data, even within a 
single eruption (e.g., Behncke and Neri, 2003). The complex nature of the magma storage 
system can allow magmas to be stored in physically isolated chambers, which can 
interact with spatially heterogeneous wallrock compositions or mix with varied recharge 
magmas, which means these magma chambers are not equally affected by fractionation 
and other open-system processes (e.g., recharge and assimilation).  
Sedimentary Basement as the Source of Recent Explosivity 
Over the same course of the alkali enrichment in post-1971 lavas, eruptions have 
also become more explosive (Branca and Del Carlo, 2004, 2005). There are numerous 
petrological and experimental studies that document the physical and chemical effects on 
carbonate rocks that are brought up to magmatic temperatures (Chadwick et al., 2007; 
Deegan et al., 2010; Del Moro et al., 2001; Freda et al., 2008; Heap et al., 2013; Jolis et 
al., 2013, 2015; Mollo et al., 2010). Although there is an ongoing debate as to what most 
correctly describes the chemical reactions for carbonate assimilation, there appears to be 
a first-order agreement that two primary products are a silica-undersaturated, Ca-rich 
melt, and a C-O-H fluid phase (Iacono-Marziano et al., 2008; Mollo et al., 2010; Deegan 
et al., 2010; Borisova et al., 2013). Each of these studies recognize the significant crustal 
CO2 liberation that results from carbonate/skarn assimilation. The significant release of 
CO2 is evidenced in both natural and experimental systems, such as the high vesicle 
content in calc-silicate xenoliths and all experiments outlined in Deegan et al. (2010). 
The experiments of Deegan et al. (2010) utilized a piston-cylinder apparatus in which 
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they heated various starting materials up to 1200 °C at 0.5 GPa. The starting materials 
included two basaltic andesites (one anhydrous and one hydrous), that were doped with 
calcium carbonate. The vesicular textures common in the experimental products were 
usually the most well-developed where the magma and carbonate came into contact. 
However, the quantity, size, and distribution of the vesicles vary systematically 
throughout the experiments. In experiments where carbonate persists, the largest bubbles 
are always found within the Ca-rich glass domain, and this domain is often host to a 
micro-bubble front. Additionally, vesiculation is stronger in experiments where carbonate 
is present than in those without it (Deegan et al., 2010). In experiments testing the 
thermally-induced physical and chemical degradation of carbonate rocks chosen to 
represent the sub-volcanic basement at Mt. Etna, Heap et al. (2013) found that at 
temperatures of 800 °C, the calcite present in the rocks dissociated completely, which 
resulted in the release of about 44 wt.% CO2. Etnean lavas typically erupt at temperatures 
>1000 °C (e.g., Armienti et al., 1994b; Corsaro and Pompilio, 2004c; Tanguy and 
Clocchiatti, 1984; Tanguy and Kieffer, 1976). These studies collectively suggest that 
substantial CO2 may be produced when magma and carbonate interact.   
Although the magma transport and storage system has established itself over the 
last 500 kyr and much of the carbonate in contact with the magma bodies has likely been 
metamorphosed into a magmatic skarn, the transport and storage system is constantly 
evolving as demonstrated by recent eruptions that have opened up new fissures; the 
associated lavas, such as those erupted in 2001, have evolved separately from the central 
feeding system beneath the volcano (e.g., Viccaro et al., 2006). This kind of physical 
evolution of the magma bodies with respect to the country rock allows the opportunity for 
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the magma to intrude into new sedimentary rocks that have yet to be affected by magma 
(Heap et al., 2013). If the alkali enrichment in post-1971 lavas can indeed be owed in part 
to assimilation of the sedimentary basement, then it is also possible that the sedimentary 
basement is supplying additional volatiles to the magma, inducing the more explosive 
eruptions seen in recent years. 
CONCLUSIONS AND FUTURE WORK 
This research demonstrates the utility of the Magma Chamber Simulator to model 
open-system magma chamber processes (SFC, AFC, and SAFC), and its application to 
quantifying crustal assimilation at Mt. Etna. Quantifying crustal input over the period 
from 1329-2005 AD provides insight into the physical and chemical shift that occurred in 
post-1971 Etnean lavas, which includes an intriguing enrichment in alkali elements and 
radiogenic Sr, and an increase in the volume, frequency, and explosivity of eruptions. 
 Nearly 70 Rhyolite-MELTS fractional crystallization models constrained possible 
initial crystallization conditions (pressure, initial fO2 buffers, initial H2O contents) and 
parental magma compositions. The fractional crystallization of the selected parental 
magma (PM), which was chosen to generally represent pre-1971 Etnean lavas, effectively 
captured the observed pre-1971 geochemical characteristics. The parental magma is a 
high-Mg basalt to picrite, which was documented in the ~4 ka tephra fallout eruption at 
Mt. Etna, and has been proposed as a primary Etnean magma by other researchers 
(Kamenetsky et al., 2007). Best-fit initial crystallization conditions selected for PM 
include a crystallization pressure of 0.2 GPa, initial H2O content of 1.0 wt.%, and initial 
ferric/ferrous ratios determined with a QFM buffer.  
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 A total of 157 open-system MCS models (AFC, SFC, and SAFC scenarios) 
eliminated specific crustal compositions as the source of the alkali enrichment event, 
including the assimilation of skarn and flysch, and the stoping of flysch. Stoped skarn and 
assimilated skarn + flysch mixtures induced the desired geochemical changes observed in 
post-1971 lavas (i.e., increases in K2O, Rb, and 87Sr/86Sr) with minimal effects on 
geochemical parameters that do not undergo a temporal change. The best-fit open-system 
model was an SAFC scenario that included stoped skarn and assimilated partial melts of 
the 30/70 flysch/skarn mixture equaling ~20% of the initial resident magma body mass. 
This underscores the significance of crustal-contamination in post-1971 lavas. 
 These best-fit FC and SAFC models offer insight into the pre- and post-1971 
magma storage and transport system. The pre-1971 magma storage and transport system 
is dominated by magmas similar to those observed in the ~4 ka tephra. Thermal 
interactions stimulated by repeated recharge of hot, mafic magmas induced melting of the 
sedimentary crust. By 1971 the wallrock was primed for a sufficient amount of 
assimilation that could cause the observed increases in K2O, Rb, and 87Sr/86Sr. The post-
1971 magma storage and transport system was thus dominated by flysch + carbonate 
assimilation and stoping, which is a large contributor to the post-1971 alkali enrichment 
event. The crustal signature causing the alkali enrichment is in conjunction with the 
signature of mantle heterogeneity. In addition, the assimilation of the carbonate basement 
can increase the CO2 budget of the volcano via decarbonation, which may also be the 
source of the increasing explosivity in recent eruptions. 
 Although these models were able to provide insight into the magmatic processes 
at Mt. Etna, critical additional work can provide insight into Mt. Etna’s open-system 
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history over the last 700 years. Among the most important work to be done are RFC, 
RAFC, and RSAFC models to test the relative contributions of mantle heterogeneity via 
magma mixing in comparison to the stoping and assimilation of skarn and flysch outlined 
in this study. Such models can be tested using the Magma Chamber Simulator.  
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CHAPTER IV 
CONCLUSIONS 
This research demonstrates the utility of the Magma Chamber Simulator to model 
open-system magma chamber processes (SFC, AFC, and SAFC), and its application to 
quantifying crustal assimilation at Mt. Etna. Quantifying crustal input over the period 
from 1329-2005 AD provides insight into the physical and chemical shift that occurred in 
post-1971 Etnean lavas, which includes an intriguing enrichment in alkali elements and 
radiogenic Sr, and an increase in the volume, frequency, and explosivity of eruptions. 
 Nearly 70 Rhyolite-MELTS fractional crystallization models constrained possible 
initial crystallization conditions (pressure, fO2 buffers, initial H2O contents) and parental 
magma compositions. The fractional crystallization of the selected parental magma (PM), 
which was chosen to generally represent pre-1971 Etnean lavas, effectively captured the 
observed pre-1971 geochemical characteristics. The parental magma is a high-Mg basalt 
to picrite, which was documented in the ~4 ka tephra fallout eruption at Mt. Etna, and has 
been proposed as a primary Etnean magma by other researchers (Kamenetsky et al., 
2007). Best-fit initial crystallization conditions selected for PM include a crystallization 
pressure of 0.2 GPa, initial H2O content of 1.0 wt.%, and initial ferric/ferrous ratios 
determined with a QFM buffer.  
 A total of 157 open-system MCS models (AFC, SFC, and SAFC scenarios) 
eliminated specific crustal compositions as the source of the alkali enrichment event, 
including the assimilation of skarn and flysch, and the stoping of flysch. Stoped skarn and 
assimilated skarn + flysch mixtures induced the desired geochemical changes observed in 
post-1971 lavas (i.e., increases in K2O, Rb, and 87Sr/86Sr) with minimal effects on 
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geochemical parameters that do not undergo a temporal change. The best-fit open-system 
model was an SAFC scenario that included stoped skarn and assimilated partial melts of 
the 30/70 flysch/skarn mixture equaling 27% of the resident magma body at the onset of 
stoping and assimilation. This underscores the significance of crustal-contamination in 
post-1971 lavas. 
 These best-fit FC and SAFC models offer insight into the pre- and post-1971 
magma storage and transport system. The pre-1971 magma storage and transport system 
is dominated by magmas similar to those observed in the ~4 ka tephra. Thermal 
interactions stimulated by repeated recharge of hot, mafic magmas induced melting of the 
sedimentary crust. By 1971 the wallrock was primed for a sufficient amount of 
assimilation that could cause the observed increases in K2O, Rb, and 87Sr/86Sr. The post-
1971 magma storage and transport system was thus dominated by flysch + carbonate 
basement assimilation and stoping, which is the source of the post-1971 alkali enrichment 
event. The crustal signature causing the alkali enrichment overprints the signature of 
mantle heterogeneity. In addition, the assimilation of the carbonate basement can increase 
the CO2 budget of the volcano via decarbonation, which may also be the source of the 
increasing explosivity in recent eruptions. 
 Although these models were able to provide insight into the magmatic processes 
at Mt. Etna, critical additional work can provide insight into Mt. Etna’s open-system 
history over the last 700 years. Among the most important work to be done are models to 
test the relative contributions of mantle heterogeneity via magma mixing versus stoping 
and assimilation of skarn and flysch. Such models can be tested using the Magma 
Chamber Simulator.  
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APPENDIX A—Partition Coefficients Utilized in MCS Models 
All solid/H2O and solid/CO2 partition coefficients were set at 10000.  
 
If no partition coefficient was listed for an element in a mineral, the partition coefficient 
was arbitrarily set at 0.025 in order to ensure the element behaved incompatibly. 
 
 Rb Sr Ba La Nd 
Magmas      
olivine {1} 0.04 0.02 0.03 0.0028 0.0023 
clinopyroxene {1} 0.13 0.16 0.0003 0.031 0.1224 
feldspar {1} 0.14 3 0.56 0.065 0.069 
spinel {1} 0.025 0.025 0.025 0.025 0.025 
clinopyroxene {2} 0.13 0.16 0.0003 0.031 0.1224 
apatite {1} 0.001 0.652 0.05 2.5 14 
Flysch      
garnet {1} 0.02 0.02 0.0172 0.001 0.27 
biotite {1} 2.3 0.29 5.6 0.76 0.032 
feldspar {1} 0.06 4.4 0.48 0.3 0.14 
feldspar {2} 0.06 4.4 0.48 0.3 0.14 
quartz {1} 0.025 0.025 0.025 0.025 0.025 
sillimanite {1} 0.025 0.025 0.025 0.025 0.025 
spinel {1} 0.025 0.003 0.0006 0.01 0.01 
rhm-oxide {1} 0.025 0.034 0.00034 1.31 0.96 
orthopyroxene {1} 0.0038 0.0012 0.0036 0.006 0.004 
Flysch/Skarn 
Mixtures 
     
olivine {1} 0.00018 0.000039 0.0000013 0.0000037 0.0003 
orthopyroxene {1} 0.0038 0.0012 0.0036 0.006 0.004 
clinopyroxene {1} 0.011 0.0479 0.00011 0.02 0.06 
biotite {1} 5.27 0.7 6.36 0.7 0.044 
feldspar {1} 0.016 3 0.151 0.065 0.04 
feldspar {2} 0.016 3 0.151 0.065 0.04 
quartz {1} 0.025 0.025 0.025 0.025 0.025 
 
